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ELECTRODE PROCESSES. 

A GENERAL DISCUSSION. 

A Gbnbral Discussion on Electrode Processes was held at the University, 
Manchester, on Wednesday, 9th April, 1947, from zo a.m. to 6 p.m., 
and on Thursday, xotb April, from 10 a.m. to 5 p.m. About 135 mombcis 
and guosts were piwont, the President, Professor W. E. Gamer, F.R.S., 
occupying the Uiair throughout. Among the distinguished overseas 
visitors the President welcon^ the fbllowi^ : — 

Mr. Boorboom (The Hague), Dr. H. de Deker (Amsterdam), Mr. T, 
Ferland (Trondheim), Dr. M. Haissinsky (Paris), Dr. J. G. Hoogland 
(Hengelo), Mr. H. Larson (Norway), and Dr. H. T. C. Tenddoo 
(W^cningen). 

The papers to be discussed had been issued in Advance Proof and were 
considei^ under the following main heads : — 

I. General and Tlieoretical. 

XI. («) Doposilion of Hydrogen. 

(6) UcjKwtiou of Metalh. 

III. Anodic and Other Kleclrodic Processes. 

All the jjaix'ra and the reports of the Discussion thenMni api)ciir in the 
following jxigos. 




I. GENERAL AND THEORETICAL. 


THE CONTACT BETWEEN A SOLID AND A 
LIQUID ELECTROLYTE, 

By T. B, Grimley and N. F. Moir. 

Peceived 2^th February, 1047 . 

The purpose oE this note Is to examiae theoretically the conditions 
existing in a .silver-si Ivor bromide electrode, at the boundary lxd.wt3cn 
silver and silver bromide and also at the Imimdary l>otwcen silver bromide 
and the liquid electroljde. Calculations of Uic electrode potentials and 
d-potentiala are at present in progress, and though not quite complete, 
it is possible to report at the present stage ou the results and general 
principles involved. The case oE silver-silver bromide is chosen as being 
typicEd of a much wider class of phenomenon. 


§1: The Silver -Silver Bromide Interface. 

In this section we shall show how an c-stimate may be made o£ the 
magnitude of the electrical potential dilterence exLsling Iwtwc'on silver 
and solid silver bromide. We shall also disciws the rhargo distribution 
in the double layer and the diffioulticw arising in this analysis. 

Wo have to consider first the eqnilibriura of silver ions in two ])ha38s, 
the metal and the crystal, ignoring for the moment the local properties 
of the crystal nciir the interface where, however, the conditions must 
be assumed to Ix) .such that this region itscilf Is a third pliasc, also in 
equilibrium. The problem is then that of the wiuilibriura of a solid and 
an atmosphere of ono of its constituenis. The ollin* constituent, the 
electrons, nuiy bo ignored. The atmospheric ioiLs arc, of course, not 
essentially free, but vibrato almut fixed lattice points in the crystal. 
Thus, for a perfect crystal (i.o. one in which ilie silver ions occu]>y sUl 
their normal laltia* points) tliu jiartition function for a silver ion is of 
Uic form 

00 

if(r)»TftCxp(- ... (I) 

<-<0 

where pt and are the weights and eneigies ol the vibrational states of 
tho ion in the crystal. Now in silver bromide at ordinary temperatures 
there exist interstitial silver ions and vacant lattice points (points where 
a silver ion is missing) and if 9^ Is the number of vacant lattice ‘[xnnis 
and N' the number of intersli^ positions, tho partition function for 
a silver ion in a real crystal splits into two terms and becomes 

00 OQ 

^(0 ” «» 2 ft (- W. / ftO + W' 2 c'l <1*1> (- W,lkT) (a> 

jnO j-O 

whore p'f and Wf are the weights and energies of the vibrational states 
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ol an ion in an interstitial position. In the usual theory ^ i1 is shown liiat 
if n, is the number of interstitial silver ions anil N tlic iuiiuIht o£ silver 
lattice sites, then 

c= 1** = y/{NN') exp iliCTo - W„)lkT} , . (.0 

BTcre and are the energies of the lowest \ ihmtioiial stalen of silver 
ions at lattice sites and interstitial positions lespin liv(‘lv. Note thiit 
— Uo IS the energy required to remove an ion h'aoiiti* a hole. 

For silver bromide (PF® — ov. and since Af Jiiiil N' me ol llu* 

same order of magnitude wo sini that the siHiond term on Ihi' nglit h<iiul 
side of equation (2) is negligible compared with tiic lirst ho wo uuiy vv rile 

00 

K{T) • • • (- 1 ) 

<-0 

If df and Ef are the weights and energies of the vibrational slates of 
a silver ion in silver, and if is tlic electrical jwtiMitial of Uio 

metal referred to the bulk of the crystal as zero, the partition futiotiou 
for silver ions in the metal is 
00 

• • • (5) 

i-o 

Following the mathematical description emplov‘“<l by J*'owl(“r,® oqu. (4) 
may be written 

K{'J) - //»A"( 7 ’) evp ( - f/o/k 7 ') . . . (b) 

and eqn. (5) similarly becomes 

/(T)«/'{T)exp{(~Ep~cK«)/M'} . . . ( 7 ) 

whore JS# is the lowest vibrational level for a silver ion in the metal. 
Equilibrium is given by the formula 

N^^K{T)lf[T) . . . . (H) 

where Nt is the number of silver iims at lattice silos in the cryslal. Afj 
may of course be replaced by N the number of lattice «IL(*s, 1 lu’U wo luul 

. r. - P. - H fcT log . . (■>) 

It is reasonable to suppose lliat the vibnilioiuil sUitos of luoliiui •»! ;iit 
ion in the crystal and in the motal arc very hiinilar so lli.il l''ovvh*t''. 
suggestion that f'{T)JK*{T) will Ixs a giMsl ap])ro\iiii.ilioa in Hum 
case. To this accuracy eqiL (9) becomt'S 

eV^ ?V-. Eo + /cT log-^ . . , (to) 

and using eqn. (3)Jwo find 

. . . (*0 

One of us (T. B. G.) ha.s made calculations of and lt''o using the nu*Uio<l 
first applied by Mott and Littleton to llio alkali linliiies.’ it was found 
that Up «* —4*44 ev. and fTp = — 3’64 ev. A’p may be oaloulatisl l>y 
the following cy^e. 

(a) Remove a silver atom from the meted. The work rmiuirod is 1 he 
lattice energy (W^x)* 

iMott and Gurney, EUtirimic Ptoc$ss»s in Ionic Cryitals (Oxford Univer- 
sity Press, Z940), p. 28. 

•Fowler, Proc. Roy. Soo. A, 1932, 136, 30X. 

• Mott and Littleton, Trans. Faraday Soc., 1938, 34, 483. 
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(6) Ionise the atom. The work required is the ionLsation potential (/). 

(c) Replace the electron in the raci^. The work obtained is the work 
function of the meteil (^). 

Then —5.4 ev. 

If therefore the presence of tl)o silver bromide docs not appreciably 
alter this value we derive from eqn. (ti) an cstiinato of Llio [>ott‘niial 
dilferoiice «-- j *4 v. 

The conctulrationa Hx{x) and w*(.v) of inlei-slitial ions mid holes at 
distance x from the interface may lx* lound as follows. If V{x) is the 
electrostatic potential measured from the bulk of tlio crystal as zero, 
we have : 




Wq exp {— cV{x)lkT) 

I +• s exp (— e V{x)lkr} 
Wfl exp {eV{x)lk'r} 

X H- s exp [cV{x)lkT) 


(12) 


where «o is the couccntnition of holes and interstitial ions in the bulk of 
the crystal and we have written s — n^JN. If Iho condition 

s exp { ± fiV{x)fkT) 1 

is always satisfied, tlicn eqn. (la) reduen to a Boltzmann distributiim. 
For silver bromide, however, s lo”® so wo seo that such an approxima- 
tion restricts us to the range whore | fV(x) | < 0*3 v. and it would seem 
advisable therefore to use the more general expressions as given above. 
It must be empliasised that the distribution laws of eqn. (12) are them- 
selves in some moasiiro approximate since they do not take into account 
the dopendonce of the energies Uo and on the concentrations of inter- 
stitial ions and vacant lattice points. Sucli a dependence must certainly 
bo considered in any region when* 1 eF(jif) [ 0*3 v. However, the 

mathematical diOIcultiGS arc greatly increasi'd by considerations of this 
type, in this paper we shall assume eqn. (re) as a sufTicicntly good ap- 
proximation. It should bo observed that this ajjproximation must 
corrosi»nd closely to reality in so far as an upper limit to nt{x) and Hfc(x) 
which is of order N is given by eqn. {12). 

Poisson’s equatioi] now bewmes 

(PP si nh {r V{x)fk’r \ 1 

K [_i 1- s* -1* 25 cosh {e’F(.r)//c'f}J ‘ ’ 

where k is the dielectric coustsrnt of Ihn crystal for static liuhLs. This 

. (IF 

equation may lio integrated onco, .siiliject to tho condition that ^ o 

as F - - o. Using the condition ■< 1, llio result is 


KS) ’ ’ (i^‘) . (14) 

With the assumptiem* tilat V = when ;r o wo have completed 
the solution for F by solving oqn. (14) numerically. The results aro sliown 
'in Fig. 1. It must bo emphasised that by making this assumption wo 
have excluded any possibility of a rapid chango in potential occurring 
across the first layer of ions in the silver bromide crystal at tho contact 
with metallic silver. An appreciable potential diffuronco of tlxis type 
may exist in practice, since a relative displacement of tho positive and 
negative ions, in the crystal piano at tho interface, over a few tenths of 
an angstrom is sufifioient to set up a potential of '•v 0*5 v. Unfortunately 
our knowledge of tho short rango forces between ions is too uncertain 
for us to m^o any reliable calculations on this phenomenon so that, 
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beyond making this observation, we shall not enb'r inio any furlher 
discussion at present. 



Fig. 1.— Showing hoAv the electrical potenluU varit‘h near tin* s»lvi‘r silver bromide 

interface. 


In Fig, 2 n-o have plotted ;/*(») ami Ibe eont'eninilioits of jui r- 

stitial silver ions and vm-ani lattice points acc«»^in« to etpi. (y}- ^ 

brings out the monlial point of the theory. Nami'lv, that in a vision 



a.— The concentrations WiW and of ^ interstitial silver ions and holes 

the ftiiver^ailvcr hiomido inlorihco. 


of the crystal of the order io~* cnx. thick near the inlorfaco, the con- 
centration of vacant lattice points exceeds by sovoral powers oX ton the 
concentration in the bulk of the crystal. It is to bo ojcpocted thofolote 
that the conductivity of a auriaco layer ol this thlcknosa depo-sitod on 
silver is greatly enhanced. 
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§2. Contact between Silver Bromide and a Liquid Electrolyte 
Containing Silver or Bromide Ions. 

1/ silver bromide is placed iu an electrolyte of iliis tylx^, it will, of course, 
acciuire a charge, except at the isoelectric pouit. Considerations to be 
published elsewhere, however, show tliat silver or bromide ions in solution 
are not appreciably atlsorbed actually on the surface of silver bromide, 
and neither does the crystal carry any significant charge due to a pre- 
dominance of any ty|w of ion over the other in I he crysthllograjihic planes 
at the intiTface, The charge reskloa inside the silviT bromide in a layer 
of the order lo-* cm. thick of the same tyi')0 a.s that described above, and 
is due to an excess of vacant lattice points over interstitial ions or vice 
versa. In this section we show how the total electrical jxitential differ- 
ence between the bulk of the crystal and the bulk of the solution may be 
calculated, and also how tlie potential diifercncc between the crystal 
surface and the bulk of the solution varies with silver ion concentration 
of the electrolyte. 

The total electrical potential difference may be calculated by a method 
similar to that employed in the calculation of V„ in § i. Wo require 
therefore the partition function for .silver ions hi the electrolyte. This is * 

00 

«(T) = W(t- 2/)c)5;a.*oxp(-H;k/fcr) . . (15) 

Here and are the weights and energies of the vibrational status of 
a hydrated ion. p is the number of water molecules iu the co-onlination 
sheU of a hydrated ion. W is the number of water molecules and c is 
the concentration of ion pairs in the solution. 

Again, following Fowler, oqn. (15) may bo written 

ai{T) --- W(i - izpc)o,'{7') oxp (- IIo/kT) 

where ffo is the energy of the lowest vibrational state of the hydrated ion. 
If Vf is the electrical potential difference between the bulk of the crystal 
and the solution, the usual condition for equilibrium yields the result 

.F. = H.-u. + - fcriog^ . (10) 

where c (. is the conceutratiou of .silver ions iu tlic electrolyte. Here again 
it is exlrcmoly likely that K'{'r)/a)'(T) 1 so iliat oqa. (16) becomes 

« F, = //. - r;. + kT log {7:?^} - '"B ^ • (' 7) 

Estimates of the individual hydration energies have boon luiulu by various 
authors.* In our calculations wo liavo usetl the u‘sult for silver ions 
given by Vorwey.® Tliis is i/o ~ -- 4*95 ev. Wo have then calculated 
Vc from otp. (17) for electrolytes tiontaining various silver ion concentra- 
tions and tlio results axe shown in h'ig. 3 where F, is plotted against silver 
ion concentration. 

The concentrations k+{.v) and k^{x) of positive and uegativu ions in 
solution at a distance x from the iut^aco are given by 

k^{x) = c( ~^ ) exp {- eV(x)JkT) 

==c(~=-0^) exp{^F(;»f)/ftr} . . . (18) 

* Bernal and Fowler, J. Cham. Physics, 1933, i, 513 ; Latimer, Pitzer and 
Slansky, J. Cham. Physics, 1939, 7, 108. 

• Verwey, Chem. Weekblad, 1940, 37, 530. 
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whore V{x) is the electrical potential monsurccl from the hxilk of the 
solution as zero, and for the sake of brevity wo have written 

m = -1- hJ{x). 

Poisson's equation now bccomos 


d*V 

<L»f* 






u Li - 2pt 


.smh {t' I '(-i ) jkl } 


\pt -( 2pt eosli }. 


'(O/Zf/}] 


i“)) 


whore is tho numl)(‘r of ion piiirs per unit volume in the l>ulK iil the 
electrolyte and /) is tho dielectric coualiiut ol lli(‘ t leeliolvt<*. Alalviiic 
tho trausfonnatiouH 




dlL) 

k'l ' 



and integrating (to) subject to the condition that - o iis *», u»' 
find 

( di\ * 1 

—j s= — log {r — i/>6 ^ z/»i;cosh^) . . (nil 


Sliver Ion Gonccntr?t\on 



Fio. 3. — Showing how the electrical potential of the bulk of the crystal (V,) mwl 
the crystal surface (P^p) varies with silver ion coucenlrAtimi. The |M)(en(i.d 
of the bxdk of tho electrolyte is taken as zi-to. 


Similarly, if the electrical potwitial V{j() on the eryslal sidi> of (he inliT 
feco be referred to tho bulk of tho solution ns zero we find 

where 

# = and 

Since the laystal surface carries no appreciable charge, tlio dielet.trio 
displacement is contmuous across tho interface between silver ^omide 
and electrolyte. This condition gives the equation 

— log {I - 3:^w?+ 2#<! co^ ^«}«g^ilog{i + McoshviJ ( 22 ) 

where and ^0 are the values of ^ and ^ at the interfaco. Tlio n'latiou 
between ^0 and ^0 is 


- 1^0 « «F,/fcr 


• Ui) 
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T alring the value of the co-ordination number {p = 0) used by Venvoy ® 
in his calculationa on the individual energies of hydration we have solved 
eqn. (22) and (23) for ^0 and ^0 electrolytes of varying silver ion con- 
centrations. The value of ^0 gives immediately the potential 7 o (say) 



Fig. 4. — Showing how the electrical potential varies with distance on either 
side of the suver hromide-dbctrolyte interface, for the case when the electro- 
lyte contains only silver and bromide ions. 

of the crystal surface with respect to the bulk of the solution and this 
quanti^ is shown plotted against silver ion concentration as the broken 
curve in Fig. 3. 



Fig. 5. — ^The concentrations and of silver and bromide ions in Ihe 
electrolyte near the suver bromide-electrolyte interface. 

Using the values of ^0 ^0 derived from oqn. (22) and (23), oqu. 

(20) and (31) may be integrated numerically to give V{x) as a fuixctiMi 
of distance on either side of ihe intorface between silver bromido and 
electrolyte. Wo have carried out this iulogration for Uio case when tho 

• Verwoy, Rec. trav. chim., 1942, 62, 127. 
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electrolyte consists simply of a saturated solution of silver bromide, and 
tile result is shown in Fig. 4. The concentrations of silver and bromide 
ions in the electrol3d:e near the interface were then calculated from oqn. 
(18) and are plotted in Fig. 5. The concentrations of interstitial .silver 
WM and vacant lattice points in the crystal are given by cqn. (12) and in 
Rg. 6 we show how, on the basis of this theory, Ihfwc quantities vary near 
I Bromide-electrolyte interface, again for the case when the 
electrolyte contains only silver and bromide ion.s. 



Fio. 6,- 


-The concentrations w,(af) and %(«) of interstitial sUver ions and 
near the silver bromide-electrolyte interface. 


Gonclusiou. 

As we have indicated previously, the calculations of § i are far from 
Mmpleto. In the first place the value of A' 0 may be considontbly influenced 
by the proximity of the silver bi-omide and secondly we Juive yol to cou 
sider the .possibility of a rapid potenthU cliangc, actually at tho interfarc 
due to relative displacement of piisilive and negative ions. Wo anticiD U V 
however, tliat in a more detailed theory, whore Ihiiso factors arc (aiini 
mto account, it is unUkely that Uie whole of tJie jxil,eutial dillrrem-c 
^ween silver and silver bromide will be accounted for by tlio i-(«latlve 
displacement of positive and negative ions at the interface so that iho 
geneml conclusion of § i, namely, that tho condiictivily of a fcJiin Javer 
of stiver bromide on metallic silver is greatly enhanced, will still hold 
The electa^ potential difference between the crystal surface and tlio bulk 
of toe soluticm. of § 2 is ^rirtly the true C-iiolential of silver bromide 
Although only a portion of this potential dift'crenco can probablv hs* 
measured experimentally by electro-ldnetic phenomeiu we do exixict 
^ til© expenitieutal valu© to liav© tho same sign as Vq, ^ 

^ 5 3 we see that, according to the calculations 

of this pap^toe.t'^tential of stiver bromide shouldl be negative over a 
^vey^ion .coj^ntrations. This xioncliision is Sme ouTby 
toe wk of Jitiien » ‘on streaming potentials in capillaries of fused silver 
teontide, who found that the negative charge on the capillary could not 
^be xe^ed by toe addition Oliver. nS to On ?he 

Qtii0r,hand, revarssl was obtained whenjthe capillary was coated with a 

’Julira, Thetis (tJtrecht), 1933, 
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layer of colloidal silver bromido. This dopcndcnco of the clectro-kinetic 
bdiaviotir of iBsolublo salts on the particle size is well known but so far 
no quantitative oxplanaLioo seems to have lieon gh'en. The present 
authors would, however, like to point out tliat whfm the pfuticlc size be- 
comes comparable with tire tliicknoss of the charged layer inside the crystal, 
the method of analysis used in this paper breaks down and more careful 
considerations are required. It is hoped to return to this question in a 
later publication. 

R68iim6. 

Los conditions qui rdgnent (t) k I’intorface argent-bromuro d'argent 
solide ot (z) au contact entre lo bromure ot uno solution de sos ions, sont 
examinees d’un point do vue th6orique. La difISrence dc poiontiel 
61ectiique entro I'argent et le bromure d'argent solide cst do I'ordre de 
i.^v ; la distribution dos charges dans la double couchc ost aussi discut^e. 
Lc calcul montre quo la concentration des positions vacantes dans Ic 
r6soau au voisinago do I’intorfacc est tres snp6riourc h celle h I’intdrieur 
du cristal. La sccuude partio de rarticle truite de la diii6roncc tutalo 
de potentiol dloctriquo entre le corps du cristal ct cclui de la solution, 
ainsi quo de la variation do la diffdronco dc potentiol entre la surface du 
cristal et lo corps de la solution, on fonction de la concentration dos ions 
argent. 

Zusammenfassung . 

Dio Zustando an don Phasongrenziiadien (a) SUber-BromsillxT und 
{b) zwischen Bromsilbor und einer Ldsung seiner lonen wordon thooretisch 
untorsucht. Es wird goschatzt, dass die clektrische SpannungsdifTerenz 
zwischen Silber und Bronudlbcr 1*4 v. betrSLgt. Dio LadungsverLeilung 
in dor olektri.schon Doppolscliicht wird auch bcH])rochon. Borechnungon 
zoigen, dass die Konzontmtion von locren GitterplAtzen in der Nftho 
dor PhasongronzlUiclic bci woitem die im Innern des Kristalls iibersteigt. 
Im zweiten Abschnitt wird die Spannungsdiltorenz zwischen dem fnneni 
dos KristalLs und dem Innom der Ldsung ausg(‘aj'lxjiti‘t, sowio nuch der 
Einfluas dor Silberioncnkonzentnition auf dio S]jatiiiungsdiffcronz zwiw'hcn 
dor Krislallobcrflache und dt'm luncm der r.,bsung. 

H. H. Wills' Physical Laboratory, 

University of Bristol, 

Bristol. 


KINETICS OF RAPID ELECTRODE REACTIONS. 

By J. E. B. Uani>u?s. 

Jieceived 5th March, 1947. 

Tlicro aro three factors » which may operate in controlling llie apoeil 
of an electrode reaction, (i) the rale of the electrode proco-ss itself, (2) llu‘ 
rates of difihiaion of the reactant and product, aud (3) the ohmic rehistance 
of the electrolyte. Reactions which have received the most sUuly ar»' 
those for which (1) is very slow, so that rate ctintrol duo to (2) and (3) 
has been negligible or bas been easily rendered so. A few investigations • 
of moderately rapid electrode i)roceases have been made in which diliusion 
control has boon either disregarded, or minimised. Jlowcivor, most of 

\ aad Agar, Proc, Roy. Soc, A, 1938, 169, ao6 ; A nn. Reports, ry^S, 00. 

'Erdoy Gruz and Volmor, Z. physik. Chein., rgjt, 157, 163. Itoitor, 
Poluyan and Juza, Acta Physicochim., X939, lo, 389; 845. JSusin, ibid., nua, 
lo, 102. Bonnemay, J. Chim. Physique, 1944, 41, 218. 
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the work on rapid elcctrodo reactions has been done fn)in tin* point of 
view of dilluaion control alone, the electrode processes themselves hehiR 
loosely classified as " reversible,” i.c. so rapid that their iuiiueni'(> on (lie 
overall reaction rate can be neglected. Any appnMieli to tli<‘ nusisunj- 
meiit of the rates of such <‘lectro<le proci'ssoH nco(‘.s.silaleH ns preeim' as 
]X)ssiblc a knowledge of nite cimlrol due to the etHubined inUm'uee of Ihe 
elcctrodo process and dillusiou. CalcuUititm ol this is impeded l»v the 
difficulty of solving the dynamic dilfusion <Hjiiiilion in mo.sl rireunistaiu'e!,. 
In the exporimoirtal method to be de.soribed the working eomliliojis nn» 
such as to make passible the solution of this eipuition. 

Theory of the Method. 

The basis of the method is the application of an alti>niating |><>Lential 
of small amplitude to a micro-electrode at wiiich the relevant electnide 
reaction is proceeding, or is in equilibrium. Let us consider the reaction 

111“+ -1- fw = M (Hg) . . . . (i) 

occurring between an aqueous solution containing ihe metal ion 
at a low concentration C (moles, per cc.), and a solution of tlie mobil in 
mercury also at a concentmtion C, (Equal conceutratious of Nf aiul M“ * 
give the most favourable working conditions and will, fur simplicity, 
be assumed from the start. Ibo effect of inequality of coucentnitions 
is discussed briefly in the appendix to tliis paper.) In order tliat the 
diflusion of M“+ in the aqueous solution shall nut bi‘ cempliciited by 
migration, a large excess of an imliflerenf elecfrolyte such as KNO, 
(concentration molar while C is of the order of lo “ m .) is also ]>ru8ent. 

Let the mean potential of the dcctrudo bo such that r(‘action (i) is 
in equilibrium, and let us take th^ potential arbitnirily ius ?.en>. An 
alternating potential i; = 7 cos is now applied b(‘tween eloctrodo and 
aqueous solution and in consequence an ^temating cummt will flow 
which we shall denote as 

♦ = I cos {tai . . , , (z) 

where I and ^ are to he determined. It may be aasiitned llxat as a ri*Bult 
of this current there will bo a harmonic variation in the concentmlions 
of M and M®+ close to the interface, which will spread away into tluj 
nearby solution. For the concentration Ci of M in the mercury we may 
write 

Cl C “I* 8Ci 

and, close to tho intorface 

Cl" - - C H- 8Ci» .... (j) 

where 

SCi"' ACVcos (w^-p 0) . . . (.|) 

where ACi" is the amplitude of the variation of C\ olowi hi tlio lnt('rfaul^ 
and 0 the phase angle (relative to the applied alUinmliug potential}. A 
general expression for j can be obtauied by solving the (K|tuUion for 

linear diffusion, boundary condillou (4) at of o, 

X being the distance from the eloctrodo surface (regarded as planar) and 
Di the diffusion coefficient of M in raorcury. This gives * 

ACi®e " co3(a»f- J~x-h 0) . (5) 

which represents a diflnrion “ wave of leaigth 2 w and whoso 

amplitude declines exponentially with distance from tho intorfivco. 

* Compare the solution of the coiroroonding problem In thermal conduction : 
Caxslaw, Conduction of Heat in Solids (Macmillan, xgsx), p. 47. 



J. E. B. RANDLES 


13 


The current flowing (taking a positive value of i corresponding to the 
loft to right direction of reaction (t)) is given by 

i _ nFAD, (§.) ,, .. 

whore F is the Faraday and A the area of the cltHdrocU*. Using {5) wo 
obtain 

i — nFAHiLCi J ^ [cos («/ 1- 0 ) -• sin {cat -|- fl)l . (6) 

= cos ^cuM- ^ • • . • (7) 

Hence I = nFALC^<>^^ ; ^=0+-. . . . (8) 

2 4 

Comparison of (7) with the cottusjm aiding expression based on the 
diffusion of Mn+ in the aqueous solution, shows that 

/£, 

AC,“ “ ^ A 

where subscript 2 indicates quantities appertaining to Since” D, 

is gonorally approximately equal to A ^vo shall assume that 

AA" - - AA“ (9) 

the minus sign showing that they are x8o° out of phase. Having assumed 
A Dt we shall from now on omit tlie subscript on D. 

The current may also be expressed in terms of the rates of the two 
opposing processes of equation (i), as 

< == . . (10) 

where Cx and €% are the respective concentrations of M and M»+, close 
to the interface, hi and are the rate constants for the two reactions. 
V is the potential of the aqueous solution relative to the mercury and 
a is the fraction of the potential difference operative on the aqueous 
solution side of the energy barrier.* Sinco we are taking v as zero for 
the equilibrium potentirU of the electrode when A® — C,® = C, then 
hi ^ kt — k where k defines the rates of the opposing reactions at thu 
equilibrium potential as kC moles per sec. per unit arc'a of olcctrodct 
surface. Substituting for A® and A** Ly means of (3) and (9), (10) becomes 

i = nFAhliC - 8A")<j«wF/Br - (C + 8A®)e-(i-»)wF/»^^ . (u) 

We now use (6) and (ix) U> obtain A A® «^nd 0 . It is convenient first 
to differtuitlato both with respect to timu. I’rovided that nuFIFT is 
small ( < 0*2), then to a close appnixiniatiou, and independent of a (hut 
the approximation is closest if a equation (ix) leads to 


d< 


-inFihcf rcl(8A'’)> 


■a 2»»jr/4/8cj^ — aSr ® 

From (6) wo have 

■ nFAACi°J^ [« sin («/ + tf) + o) cos (a)/ + ^?)] 


d» 

dt 


(12) 

(13) 


* Kolthofi and Lin gane, Polatography (Intersdonco, 1941), p. 151 ; Landolt 
Bmut&in TabtHUnt ^th Ed., I, 249. 

* Glasstone, liudler and Theory 0/ Foie Processes (McGraw-Hill» 

194*). P- 575. etc. 
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Expandmij (i-i) and (13) and cciuatmf? cncificicnl s of los i,>t givo-. 

— cot fl - T [ ik 

taU 

whence 

coL0 kJ i ‘ ■ ' ■ 

n , 1 Itol) . . 

Thus <jt may vary liom /eio to — accordnn^ as - - vitnes fioin niiinity 

to zero. 

Kqnalmg C(Xilticients of bin tot in (12) ami (13) leads to 




kCtiFV 

R 2 


J tat) 


sm 0 


hFC y 
\GRr 


sm ^ 


whence 


/ v^F^ACy/taDIJi 


V 


Rt 


Hill ^ 


(T5) 


For a rapid loaction {It laifle), (15) Ix'comcs n^FhlCy/taDliRI' depending 
on D but not on k, while for k sinall it becomes H^FKlCkJR'V. 

Since the cunxml vector J leads the voltage vector K by an angle ^ 
it IS convenient to compare the system with its eliMtrii.il (‘(|iu\ati‘nt, a 
condenser and lesistance in senes. Denoting Lliest* by CV .uiil iff we hiive 

-^coh^, (ot<^. 

By means of (14) and {15) tlio following lelations an* dcnv(‘d 

RT / r 


and 


n*F*Ac{*J «D '■ ft) 
n*F*AC Ji) 

- i?r “V 2w ' 


/? --L - 

' taCr n'^F^AC k 


(lb) 

(r?) 

{!«) 


Measurement of R, and C, will thtTeftne enable the nile constant ft to be 
calculated. 


Experimontal. 

Apparatus. — The niicvo-eh'ctrodc used w.is a capillary dropping elee- 
trodo similar to a polarographic el<‘ctr(Klc u.\u(*7)l that a dilute !mialg<un 
replaced the mercury. Siicli an clectrodo has the ndvanlngen that its 
surface is continually rniewed, and that the surlaco area is easily measin(<d 
by weighing the drops. The amalgams were prcpari'd by electro-<l<*])oHitiou 
of the required amount of metal from solntum, on to a measured volume 
of mercu:^ acting as cathode, m the apparatus .shown in J<'Jg. 1. I'lio 
electrol3rte was generally NlljCl solution with the appropriati* amount of 
metal sdt added. A mercury anode was used, contamcKl in a Hmall glasH 
cup filled up with KNO, .solution and with a loose cotton-wiKil plug in- 
serted. Dmhig the dectrolysis the counter migration of morcuroua ions, 
and Q' ions from the main dectrolyte, precipitated Hg/'L in tlie cotton 
wool thus jjreventing the entry of mercury ions into the main dt'Ctrolylo 
but avoiding the contamination of the mercury surfoco. Air was diH- 
placed from the electrolysis vessel by nitrogen. The amalgam was 
direct from the vessel by means of iho long capillary syphon shown in the 
diagram, the negative if^tential of the amalgam relative to the oloctrolyte 
being main t ained in order to prevent re-solurtion of 'the chssolvod molal. 
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Ivlectrical ineahiiromonts ■wero carruHl out with the ca}>ilUry declriHle 
inimursc’d in a smi.iblo soluti(ju contained in a cell of flu* typo used in 
polarograpliy. 'Dw' other electrodo was a mereury p(K>l, and an auxiliary 
oloctrodo of pbitinum gau/o was lilted f>v(‘r the lower (‘nd of tht‘ capillary, 
flush with tlw end aa .shown in. i (a). 'I'he .solutiorLs contained in- 
dilfereut oleclrolytc (KN()„ KCI, etc.) at niolav concentration and a low 
a»ncentmtion (of Llio order 


of lo"® M.) of tlie ion und(>r 
investigation. Atmospheric 
oxygen was expelled by a 
stream of nitrogen. The 
cell W£i8 placed in a thermo- 
stat at 25® ± 0*1® c. 

The (flectrical circuit is 
shown in Fig. 2 ; D.E., 
G.E., and M.P. are the 
dropping electrodo, gauze 
electrodo and mercury pool 
electrode respectively. A 
valve oscillator coimccted 
to pomts A and B supplied 
alternating current of ad- 
justable frequency. The 
current passed by the 
dropping electrodo flowed 
also through the variable 
resistance R and the vari- 
able capacity C (a set of 
.standardised condensers). 



Tlio potential dillercncc 


Fio. 1. 


acro.ss R and C was ampli- 


fied by a D.C. push-pull amplifier connected to XX, the output of which 
was applied to one pair of deflector plates of a cathode ray tube. The 
potential difference between the dropping electrode and the gauze electrodo 
was similarly amplified and applied to the other j)air of deflector plates. 
A negligible current flowed through the gauze electrodo thcrt*foro its 
potcuLial followed exactly tliat of the surroimding solution. By maldng 

the distance between it and the 
^ dropping olectrcKle as small a.s 
]x>s.sibU‘ tin* minimum of ]X}lential 
dro]> dno to i^hjctrolyto resistanco 
was included in tlio lueabiired 
jMflential dilleronce. 'JTic mer- 
cury was connectuci to R 
aiulC' and the dropping electrodo 
to ('orth in order to avoid the 
difficulty of elc'cLrical scFc>oniug 
of tlio laltor. 

B Method of measuromont and 
calculation of results. — ^Witlr 



Fig. 2. capacity C zero and rcsLsiiinco R 

in the circuit the caUwKlo ray 
trace is an ellipse. By .switching out one araplifier at a lime, the horizontal 
and vortical amplitudes for maximum size of the amalgam drop wore 
measured. When corrected Xc»r overall scusitivity for the two directions the 
ratio of those amplitudes gives RIfV where R Ls known. Tlic total voltage 
swing, 2,V, never exceeded alwui 7 rav. as reciuired in the derivation of 
equation (12). 'Fho voltage-current pha8(* dilferonco, for tJio dropping 
elccirodo-gaiize elt*<*tr(xlo was obtauicd by adjusting C and R until the 
trace Ixicame a straight Ime at maximum drop size. The phase angle 


i6 KINETICS OF RAPID ELECTRODE REACTIONS 


for tho C-R amibinalion given by tan = toCR is then (K|ual io tliat for 
the electxodc system. 

Tho whole electrode system is electrically equivalent tt) the circuit 
shown in Fig. 3 {a), where C, and Rr art* th(* capacity and n*.si.sfanc(i 
equivalent to tho electrode tx*act ion, Ct the ordinary double layer capacii y 
of tho electrodo surface and R^ tho (‘le<'tr«)lvl<’ rcsistauce Iwlwj'on tht* 
clectrodo and tho platinum gauze. R^ was obliiauH.! by nieasiiring ihe 
total impodanco, with the usual iudillcrent cluclrolyle, but eiitting down 
the impedance due to Cf and /?, to alK)ui 3 f>hm.s by u.siug a high (m./zo) 

conccntnition ol lead or tcwl- 




mium in tlie am<dgnin and 
solution. Thirty ohms is a 
typical value* for /?,. L\ was 
measured in a si'ries ot o.xjH'ri- 
ments using pure mercury and 
pure intlifferent eleclnilyto 
for various potentiaLs of Iho 
electrode ; values of C', 
unit area agreed well with 
accepted values. 

A vector diagram. Fig. 3 (ft), 
was used for calculating Cf and 
Rf. Measured values of V and 
I are first dniwn at angle 
A vector IRf, [larallel to / is 
.snhtr.uitcd from V giving F,. 


VfC}Ci, normal to F„ is subtracted fmm I giving If, A normal from Vf 
to If gives the values of IfRf and IfjaCf, fxoto. which Rf and j/toC, are 


calculated. 


Results. 


The results presented in this section arc exploratory in cluiracter and 
much more extensive work is intended. Only a few motal-meial ion 
reactions have been investigated. However, the data obtained is suf- 
ficient to verify the theoretical equations and to illustrate tlie tyjio of 
result obtainable. 

Expressions (16} and (17) show that Rf and C, ploltod against if \/Z 
should give straight lines. Instead of Cf it is more profitable to plot the 
capacitativo impedance x/wC, which should give a HtmigUt lino thnmgh 
the origin parallel to tho Rf lino, and at a di^nco from it givni by (r8). 
Results for copper, zinc, cadmium and il\allinm are plotted in h'igs. 4 and 5. 
The dotted lines in the cadmium and thallium graphs arc tlu>ue calculatecl 


I RT }z j 
<oCf ~ n»F*ACfJ D * y/Z 


,^uslag for Z> the geometric zneair of tho (liifnulon 


coefficients of the ion in water and the metal in morcuiy, i.o. 

Vo>65 X I ’5 X 10-* and V2*o x I’O X io“*, cm.* aoc-*., 
for cadmium and thallium rospoctivdy. 

Inspection of the grains shows that constancy of is 


satisfactory for tto reactiems of moderate rapidity but it is not so good 
for the very rapid reactions (cadmium and thaUium). 'nris is only to 
be expected as m the latter case it represents a small diffiemneo between 
two comparativdy large quantaties. lliexe appears in these cases to be 
a tendency for it to decrease as the frequency increases. It not yet 
been discovered whether this is due to some eneot inherent in tho detailed 
me c hani sm of diffusion plus electrode process, or whether it is an artefoot 
of some sort. In any case since rate of diffu^on must tend to a Hmt - HTig 
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value for very high concentration gradients such as exist clostj to llu* 
declrodo surloco when the electrode process is very rapid, it is not et'rtain 

how much of the rate control represented by A’, — niay lx* <lu(‘ lo 

this cause. Thus for such cjiscft as thallium, r.'uhuiiiiu, hsul (.siniilnr to 
cadmium) tlio constant can at present only Ik* legardtsl as a low»*r hm'n 
for the true rate amstiint ot the. elect rtMlt* pro<'e*ih. 

Itato constaiits for /.me as Uu* hyclmli'd ion and in com|ile\eH willi 
bromide and iodide ion-s are given in l^'ig. (.j). 'Ihose for zinc in m. K(.1 
and KCNS arc 6 x lo = and 1*7 X lo-'. 'I'hus h inrri'iuses in the order 
A(N0-3) </j(C 1 -) </t(Br') ..-A(CNS ) -:/e(/-). Preliminary results for 
n ie V d and cobalt indicate a similar order ft»r A(IJr ), A(CNS ) .and /:(/ ■) : 
these reactions are a great deal slower than for zinc. It ap]H*ars jK>ssil)lo 
that iner^ajHTig covalcncy of bonding bt'tween the ineial imi and its 
addenda, lowers the activation tmergy for flischarg**. 

The addition of small amounts of surface active suhstau<x*s, such ns 
gelatin or methyl red, to the solution Eos an interesting elfcK't on the 

rah‘s of Tti]>id n*acti()us. A very 
simdl .amount lias no etleci, but as 
the amount is lncn*ast‘d there is a 
sudden incrt‘ase in Ifr Au" fhi* re- 
aidion, but litllo or no (*tlect on 
I /toCf. This implies a slowing down 
of some [inH-i'ss at the i-ii'ctrodt! 
hiu'i.u'e or very chiso to it, hut not 
of tin* gc'neral rate of didnsion. 
With fuii-her incroiise m the ctm- 
centration of the colloid, (here is no 
furtlnT change in the reaction mto 
until there occurs .anotlior sudden 
decrease and the n*action hncomt'S 
too slow for accunitc measurement. 
These results are indicatixl in Iho 
gmi)h of log k for M./4000 ('d* ' 
in M, KNO, solution, against concentration of gdatin, Fig. (>. h’urther 
investigation of this cUecL is in progress. 

Appendix. 

A.O. Conductance of a Dropping Morcuiy Blcctrodci at which u Reduc- 
tion Process is Occurring. 

A note on this subject is worth while in view of n recent jiubllcatiou * on the 
topic. At a murcury olectnide at which a roduutioii process is occurring, lintli 
tho reactant and product ore prosuiit at tlio interface. Wlieii the curirut paasiiig 
is equal to liolf the linUtin^ uilfusion cuitunL, llu> couconttaiious ul ilui two are 
nearly equal if their dillu^n coolficionts are simibir. The oloclrodo tliereforo 
bohavos similarly to tho nmnlgam oloettodu duscribed, uxcepL that its inoati 
potuxtial is not the oqntlibiium potential, but this diUoronco is small for a rapid 
reaction. Starting from expression (10) it can lio shown that the A.C. con- 
ductance of the olectrodo is a moximuin wlion C\ ~ - C'l, i.e. for the dro]>piug 
mercury electrode, whon the D.C. componont is lialf tho limiting dllfusinn current. 
Ihis is the result obtained by tho authors of tho papor citod, but their thooretlcal 
deduction of an expression in agroomont with this, from tlie equation fur tho 
ordins^ polarographic current-voltage curve, apx>ow to tho present author to 
be quite erroneous. That equation refers to what is, in oGToct, a steady stato of 
the diffusion layer, and is not applicable to the alternating current process. 

Summary. 

A theoretical investigation has been made of tho current paused by 
an dectrode at which an electrochemical reaction is in oquilibrium, wlien 

* Breyer and Gutmazm, Trans. Faraday Soc., 1946, 4a, G45. 
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it is subjcdcsl io a sniaJl aUornafiiif' ]>otontial rrJatiM* to the* soluliow. 
ConsidpraLicni oC the pnir^ss, and dillusion, sliows that the 

reaction is equivalent, (deeirically, to a capiuiity and r('si.sLinico in serins. 
Measuii'inent of tlieK<' <]nanlitie.s (niables llu* mte eonsiaiit for llio (’lectnnle 
readioii to he eah'ulaled. h'xperiinonts liavo Is'cn rurried out usiiif^ a 
<lrop]nn}{ :vnialf>ani electrode and restUts are presiMited in Kup]K»rt of the 
tUeorelic.'d ecpiations. K.ite constants lor tlio diseliar^j(‘ of a f(‘w inotal 
ions are luuuparerl. ICvideiice has Ixs'ii obtahu'd of a niarkc'd slowing 
down of nipid ehs'lnKie n'aetions by tlie addition of surface active colloids 
to the aqueous solution. 

R6sum6. 

On a fait rdtude du courant qni passe par uno dlcctrode, si6go d'uno 
r6action dloctrochimiquo on 6quilibre, lorsque la solution ort soumisc k 
de laiblcs potontiels sdtematils. Diversos considdratioiis sur le processus 
k r^lcctrode et la diffusion uiontrent quo la rdaction cst dloctriquement 
dquivallente 5. une capacity et uno rdsistanco cn s6rio. La mosure do 
ces quantitds pormet de calculor la constanto du vitesse. Dos experiences, 
qui employaient uno dlcctrodo k gouttc d’amalgamo, ont apport^ des 
resultats, qui viennent appuyer los 6quatif)ns thdoriquos. Les constantea 
de vitesse pour la d^cliarge do quelqucs ions mdtalliquos sont compardcs. 
On a mis on dvidence un ralcntissemont marqud dos rdactions rapides 
k I'dlcctiode par addition, k la solution aqueuse, do colloldcs actifs sur 
les surfaces, 


Zusammenfassimg. 

Es wurdo einc theoretische Untcisuchung des Stromdurchgangs durch 
cine Elektrode, an der ein olektrochomischer Vorgang im Glcichgewichts- 
zustand ist, wenn dioscr im Verh&ltnis zur Lbsung cino kleine Wochael- 
spannung versetzt wird, durchgeftthrt. Eine Krwagung des Elcktrodon- 
prozesses und dor Diflusion ergibt, dass — ^in elektrischer Boziehung — die 
Rcaktion einer Kapazitat und einom Widerstand in I lintcroinaiidcr- 
schaltung aquivalont ist. Uurch Mossung diesor (irbssen kann die 
Geschwindigkeitskonstanto dor Rcaktion an dor Elektiodo borcchnet 
worden. Es werden mit Bontitzuiig einer Amalgamtropfelcktrode erhaitene 
Vcrs\ich.sorgcbnisst‘ augofuhrt, welcho die theorctischen Gleiclningon 
untersttltzeu. Bio Cleschwindigkeitskonstanton fiir clits Abschoidnng von 
cinigen Motallionon wordtMi vorglichcn. Beobacht uiigen woLseii darauf 
hill, dass dio BeifUgnng von ob(‘riiacheiiaktiv(‘n Kolloidon zu uinor 
wasserlgen I^bsung nischc li^leklrodenreaktioui'n nierklich verxiigert. 

Depariimnt of Chcfnistry, 

UniverAitv of nirmiv{fhaiu. 


THE BEHAVIOUR OF REVERSIBLE ELEC- 
TRODES IN ALTERNATING FIELDS. 

By J3. Brkykr and F. Gutmann. 
lieccived ^th Volyyuary, 1947 . 

Tt is tho puipose of this communication to fill a gap in our knowledge 
of tho moclianism of oloctrode prucassos, i.e. to provide a theory of tlxe 
reversible depolarising proct^ss in the presence of a superimposed alter- 
nating fi(4(L. 

llio following treatment apjiiics to an oloctrode, which by increasing 
the apjilied direct potential ]ja8Bos from polarisation through a reversible 
stage into a state of conceutrntion-ixilarisation, while at tlio some time a 
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small alternating voltage is superimposed on to the direct pott*ntial govt'rn- 
ing the electrode process. The electrochemical process is considerwl in 
the presence of a supporting electrolyte and the frequency of the alter- 
nating component is aanumed to be small, i.c. of ixjwcr-frequcncies, com- 
pared with the relaxation time of Urn process. 

Such ail olcclnKle-sj’stcin can he 
roprcsontwl electrically by the ni'l- 
work shown in J''ig. i . 

t ro])n‘seiits tin* tohil .series n*- 
sislance of the cell (including any 
polarisation resistance ])n'.sent) iind 
Cjs stands for the capacity of the 
Helmholtz - Gouy elee.trio d()nl)li* 
layer. Thi'se two (piaiititiiss remain 
constant thronghouL tlve reveraiblo 
electrode reaction. Rj^ is termed the 
dyitawicrcsisiaiWL'taxt] Cj^i he dynamic, 
capacitance,^ oi the electrode .syst(*m. 

It will be shown that the magnitude of both is deicrmincil by the 
equilibrium-point of the dectrodo reaction. 

At potentials higher than the decomposition voltage thi* eli'ctrodo 
obeys 

^ = Lo + ^ logo — T— (i) 

which is Nemst’s equation, expressed 
in tenns of currents : is the dittusion 
current, * stands for the current cor- 
responding to an applied potontial e, 

£*0 is the standard potential of the 
electrode process, and RTjnF has the 
usual meaning. By virtue of the 
superposition of a small alternating 
voltage V cos <oi upon the applied 
direct potential E, the total in- 
stantaneous potential impressed is 
given by 

fl =* jE + V" cos wC. . (2) 

Since equation (i) is non-linoor, 
the resistance of the system will de- 
pend on the applied voltage. For 
direct currents an oquivalont re- 
sistance is defined as the ratio e/i, 
but the alternating current rotistanco 
will differ from it, sinco the in- 
stantaneous potential given by (2) 
will periodically shift along the curve 
representing (i) . This can be ck^rly 
seen from 2. 

The network equations for Fig. i 
lead to a non-linear and non-homo- 

^In a paper (jr. Amar. Cham. Soc., 1941, 63, 1207), Graham studied several 
Idnds of capaciian.ee which, may be encoxmter^ m a study of the properties of the 
double layer by using a almihu: experimental airangement as ctesulbed by the 
present authors. Wheu investigating tiie reversiblo electro-reduction Graham 
observed phenomena which simulate the behaviour of a condenser of very large 
capacity ", which he termed " pseudo-capacity This enters Grahanrs 
work only incidentally, while the presoit authors have devoted themselves to the 
theoretical treatment and compulation of tida capacitance. 
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fit'iiomiH clilfcn'iilinl which cannot be s«ilveil in a closed and 

readily usable form. But insjxvtion of Fig. i .shows that the variations 
in the total ct*ll-rurn‘nl .m' govi'nictl only l>y Up and Cp, ln'canw' r and 
(’jy aro constants. 

'rhe dynamic n'sistancc Up h)r any value of c is dellned as the derivative 
of (i) evnlnatisl at that jKunt. Whence : 

«z, <W<U - • . . (3) 

Kquating d(y?^)/d/ to zero yields a minimum of /?0 at » - or, in terms 

of potentials, at e =b i.c. at the standard potential of tlie electrode. 
The ma^itude of Rp at this point id given by (4) : 




The minus sign in equation (3) merely indicates that a cathode is bdng 
con.sidercd and has been dropped in equation (4). 

In order to predict tlie total alternating current passing through the 
cell, it is necessary to derive a quantitative expression for the dynamic, 
capacitance Cp in terms of the instantaneous applied potential e. 

While the stetic (or geometric) capacitance of a system of chai^^ 
conductors is given by C =a QjE, for the present case of a non-linear 
relationship governing voltage and current the “ dynamic capacitance " 
is defined by 

Cp = d0/d« (5) 

i.e. by the rate of change of charge with the total impressed potential 
(direct and altomatmg). Since i « dQ/dJ, it follows from (2) and (5) 
that 


i/Cp = dE(dQ - 


toV sin coC 


Solving equation (i) for i and substituting into (6) yields : 

1 ICp = dil/dQ - . o (*+ «* ~ -BolnF/Br. . (7) 

I4 ''' 

dE/dQ represents the rate of change of chaige with the applied direct 
potential. The electrode equation (i) can be expressed in terms of con- 
contmtious : 

JD'p 

. = B. + ^ log, -|5, . . . . (8) 

^rod 

whore C^lc *>^<1 stand for the concentrations of the oxidised and of 
the reduced wmponent rospoctivoly at tho electrode. The net free charge 
residing within a space of small thickness d around an electrode of total 
area 5 is given by 

0,««F5(i(C" -(^ (9) 

Assuming a linear concentration gradient and remembering that tho 
current i transported by the ions is given by 

i =* nFsD dC/dx, . ^ , . . (10) 

where D — the diffusion coofiDicient, C the concentration at a point 
distant x from the electrode, it follows from (8) that 




. ViiF . s' 
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The thickness of the diitusion layer x is related U) it by 


DnFs^, 

X — — r- — C„x. 
U 


(12) 


Since the droppinpe mercury electtt>de tdlers Uie luosl pr.udieable means 
of testing the validity of tlie preseiii theoiy I'vpi'rinieiit.dlj', is <•^p]•^‘ss^•d 
in Icnns of the llkovic Ihpiatkm and s- in ((sins of I lie enpillnry elinr 
acteristies, viz., tlio ina.s.s of JI{> llowiiip; per sirond Iroin tlie eapillary (;>;) 
and tlie dnipjiiug time (/). 

Combining (<>), (i i) and (u) : 

0*85 ilFti w/S («><<- Ji»)nPlttT i) 

Gi^l^SF/JiT y T ““ ^ 

Differcntiatiii}' (13), substituting tlio result and also lilt* flkovi^ ICijuation 
for it into (7) and roarranginpT yield.s 


C2> = 


q(J? Ba+y ooBoOnFIRT 


Q[B—Bt+V COB coOhPIRT _|_ ^ * 


l-2.|5 (;»/)* (lnFnj^C OT 

'RT 


(e(B-5rl y «» a^nVIRT |. i dtku I ^ sin «»£ 


(I.|) 

Difierentiatiou of (14) shows that Cj^ has a maximum for all eapillaru'S 
and for every ion .species <inly and if 


K 1 V cas <u5 /ig (15) 


Since the amplitude of the superiunmsed allenialiug voUage. is assumed 
to be small coinpiared with the impressed direet potential, it follows that 
dyiuiuiio capacitanuo attains its maximum at the standard tKitenlial 
Eg, when its instantaneous value is given by 


Cj>(Eo) 


3*4t)(j»<)l (InFDk 


RT 

— 6*8 /i daV sin «£ 


‘Cfl 


( 10 ) 


Cj) thus oscillatos around a mean value. 

At Eo the instant when sin wt -a t, 


Cj)[U^ - 


nF{wt)i dl)i 
(8-02 LoiIWfl) 


(’ 7 ) 


Eq,uatk)u (17) give.H the maximum value of the dynamic ca[)acilaiJCo as 
registered by an hisirumont roivling peak values of altenudiug curreml. 

Since the dynamic resistaneu attains a miiiimnm at the s.p. and the 
dynamic capacitance reaches a maximum at this point, a iilnt of the ult<‘r* 
nating current through tho olcctnilysis a*ll against apjiliecl direct jxiti'iitial 
should show current maxima at tlie values of E'o fur the jiarlicidar ion 
spodos undergoing discluirge. 

This condusiou lias been tested cx])orimenlally on a numlicr of ion 
species and Fig. 3 shows tho curvos obtained for a solution aiutoining 
Cd++ and ions. 

The prccodni^ reasoning need not bo confined to ions but also apjilics 
to org^c compounds wbicii are capable of undorgoing a rcvoxsiblo olcctro- 
reduction. or -oxidation, i-amino pheuazino, for instance, gives a good 
A.c. maximum at the standard pottmtial. 

Both the dynamic capadtanco and the dynamic resistance ore pm- 
poi^onal to ILo concentration and oqnatlona (4) and (17) permit tlw theo- 
retical prediction of the alternating current passing through the system 
jfor a known concentration of a j^von ion. This has boon tostod in a 
number of ion species, covering a wide tango of concentrations. A few 
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of the reoultjj obtained an* listed hi Table J. shows the circuit 

which has boon used for tliese d<*(erminnLions. 

The series resistance r and llic capacity of tlu* II(‘linliolt/-(l(>uy double 
layer Cji are responsible for the non-linearil}' hefwei'ii the alLernating 
current and the concentration. 

Jhir numerical cvahialions it is j 
convemc‘ut to trausforni the <*ir- 
cuit shown in h'ij^. r into a pure 
series circuit, as d<*pic(e(l in I'tp,. 5, 
emjilojdnj^ the proiic'r tr.msfoxin.i- 
tion-eqnations. 

The (luantity d apjw'.irmg in 
the <*quations of the d5niainic 
capacitanc(* designates the tliick- 
nesa of tliat space within wluch a 
net free* charge Qf rcvsidea. Since 
the bulk of tlic solution is un- 
charged, d measurt's the thicknc'as 
of that apace around the electrode, 
in which an ionic sjiaco cEargi* 
cloud Ls assumed to exist and 
within which the clectrocliemioal 3 * 

process tak<*s place. The magni- 
tude of d depends on the nature of the supixirting electrolyte present aud 
varies with tho nature of the ion species undoiguing discharge. It is in- 
dependent of the capillary characteristics but seems to be conncctctl with 
the diffusion-coefficient of tho ions. For Cd a value of 72 a. was found for 

d and for Tl, 2x6 a. 

I'ho mechanisms of trans- 
port of tho direct and of tho 
alternating current aro quite 
'CeJ! While tho direct 

, current passing through the* 
cell is due exclusiv(‘ly to tho 
tmiuspnrt of electric charges 
by the ions acriKss tho electric 
double layer and their dis- 
charge at tho electrodt, the 
greater pari of tlio alteniathig 
ctunponent is due to charge 
transfers. 'I'hesx* 1 ransfers may 
tir may not involve the tudiial 
discharge of the ions. They 
are characterised by changes 
in the instantaneous (‘lectrical 
state and spatial composition 
of tho ionic, atmosplu'n* sur- 
rounding th(5 electrode. The 
current (*omponent flowing by 
— virtue of the dynamic capaci- 
Fio. 4. tanco represonte an essentially 

reversible process and is duo to 
changes in the energy stored in aud released from tho electric field between 
tho ions during subsequent half-cycles. Since at every instant there exists 
an o<iinlibrium between the oxidised and tho reduced comismenta in tho 
proximity of a reversibly depolarised electrode, tho relative concentra- 
tions of thes<‘ two components will depend on the iastantiuioous potential. 
'Fho resulting cliangcs in the ion-atmosphcrc participating in the electro- 
chemical 1 reaction lead to changes in tlio ol(‘ctric field stored between tho 
ions themsi'lves and appear as tho d3mamic capacitaoicc. Ft differs from 
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the capacitance of an ordinary, “ gcomctnc ” condenser in. &on\c important 
aspects. The capacitance ol the latter is a property of its geometric 
configuration, i.e. it is the consequenco of the existence of a S3?htoni of 
conductors separated by a dielectric, ft has a certain capacity wlu'ther 
charged or not. The dynamic capacitance, on Ihc olht‘r hand, apjx'aiK 
only by virtue of the discharge proc<‘as and without il eeews (o exi.st. 

At potentials below the di.scliarge potenluil ol a particular ion spiTaes, 
the dynamic capacitance is rero due to tlie absence ol an elcotrocheinieal 

TABLli: I 


f 

wc. 

Compomid. 

Concentratloa. 

(«•) 

Supporting 

Bteotiolyte. 

(».) 

IfiA. 

Calonlatod. 

Obssrwd. 

2‘06 

CdCl, 

1/500 

i/io KCT 

^575 

l6*<) 

2’06 


1/20,000 

99 


8*9 

4*03 

il 

1/500 

if 

22-5 

32*4 

3 -gO 

f 1 

1/1,000 

99 

21*15 

21*0 

4-4 


1/2,000 

99 

19-25 

tq*t> 

4*5 

II 

1/4,000 

99 

10*5 

l8*<) 

6*57 

If 

1 /8,ooo 

99 

15-5 

I0*o 

4'5 

UNO, 

1/20,000 

i/io'kNO, 

Xl*2 

11-15 

3-9 

1/500 

22*0 

21*8 

4*1 

Jl 

1/1,000 

99 

18*3 

x8*o 

4-2 

SI 

I /2,000 

99 

16*3 

l(»-4 

4-2 

il 

1/8,000 

9t 

12*0 

13-4 

4-3 

• » 

I /20,000 

It 

11*4 

n *9 

3*4 

ZnSO, 

1/1,000 

i/io KCl 

iC *95 

35-75 


1 I AW - 

C r 


process. Once the region of the diffusion current has been reached the 
oxidised component virtually disappears from the ionic atmosphere 
surrounding ihie dectrode and vanishes again at these corresponding 
potentials. The d3mainic capacitance becomes a maximum at the 
standard potential, when the rate of change of the reaction, and then'fore 
the trans^ of electric charges, is a maximum. 

The dynamic resistance, on tlio other hand, is due to the irreversible 
expenditure of energy during the discharge proa-ss. Considt'r a catiuide 
at an instant when e lias its peak value. From llie total number of ions 
aurruimding the electrode a certain number, governed by the Uollsnuinn- 

Maxweli distribution fuiiction for that 
particular energy, will lie able to siir- 
raouut the jiotontial bomor at tlie sur- 
face of tlie electrode and will 1 k' dis- 
cliarged. A short time later the ion 
which, by dlfifusion, has taken tlie iiluee 
of tlie clischaTged ion in the ordered 
structure of the ionic atmosphere, will 
possesa a reduced energy resulting in 
a decreased probability of discharge. 
Simultaneously, the probability of an 
km. leaving the doctrodo and going over 
into the ionic atmosphere will increase. This is equivalent to sa3dng that 
the ion which has provioudy bwn discharged again passes into solntion. 
This cyclical process cannot occur without an increase in entropy of the 
system, ^ Energy is expended and this gives rise to the dynamic resistance. 

Physically, dynamic rcsistancQ and dynamic capacitance are duo to 
the same electrodmioical process, th.o distinction being that the one is 
due to the irreversible and the lai^ to the reversible part of tlie reaction. 


-jftycesia/:- 
Fio. 5 . 
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In an idi'al, p«*rfi*clly Tt>v<'rHihlo reaction there appeals no dynamic n‘- 
sislanris tint the dynamii* e{(]iacitane«* would still be lueasiirahle. On tho 
other hand, in an irreversible reliction the fiindamiMitnl el(*ctrotle eipintion 
(i) dws n<»t hold and no periodhudlv vaiyin}* inpiilibriuni exists in llie 
ionic alinosphere. ('onset|uen(ly, U{*ither clyiianiic resistance nor dynaiuio 
i«iparMance ran then t'sist and no »if>niiican( Chanel's in tiu' snperiinjxisi'd 
altmiialinf; ('urnnit can ls‘ exj»ecte<l. 

'Phis has be<‘n lound b> lx* the ca‘X‘. ('oinpotinds whiiMi an* ii revenahly 
vislueed do not nivi* rise to curiiMit inaxhna tinder the esperiinen1;il con- 
ditions {US usetl by the j>resent authors. 'Pho pritseiico of e.R. 

diKsi not ^vo rise to any siKiiilicant I'hangiMi in tho {dtcrnatins eurnuit. 

A furtJier storage of I'ledrical energy occurs hetwwii tin* ionic spaoo 
cluirgo as a whole {iiid the electrode. This givi‘M risi* to the- cajiacibinco 
of tho electric tlouble hiyer ; it is disclinrgc inde])ondeut {ind is primarily 
governed by the siqiporling electrolyte. 'Pile I.'itliT, {is far as is known, 
also dotorminoH the lluekness of this double layer itself. 1'his is quite 
distinct from tlie tJiickni'ss of tho ionic sjKiee ch{irge actually jiarticipating 
in the olectrochemical nsirtion, and which is nusisuretl by tho iinantity 
a in the equations of tlio dynamic c{ii)aoit{inct‘. 

The pre.sont experimeulal mothod is also very suitable for ihe measure- 
ment of the capacity of the oloctric double kiyer and detenninations of 
the clectroca pillary zenj point. An alternating current minimum can 
bo obscrve<l at tliis point. As an example of this, tho authors observed 
tho clectnocapillary zero of io“» n. HCl at — 470 mv. against S.C.K. 
Measuring tho cell impedance at the electrocapiUary zero point (by insert- 
ing a known resistance in scries with tihe cell, suillcient to halve tlic original 
current reading), x>ennits the capacity of tho double layer to bo evaluated. 
The authors found for mercury a 'imluo of 5-75 ^tF./cm.*, which is in good 
agreement with the values calculated by Vorsina and Frumkin ■ 6x)m 
Stem's theory. 


R6sum6. 

On 6tablit uno thdorio du procassus rdversiblc (l6polari.saul, qni a 
lieu en prdsence d'uu champs altcmatif surimposd, doiit les fr^iineuccs 
sont potitos comiJartSos avee Ic temps do relaxation du proces.sus dlecLro- 
chimiquo ct on donne lo calcul do la capacitd cL dc la rdsislance dynamii^uos. 
On montro <pic les courbes du couraut altcmatif k travers la cellule, en 
fonctiou du potentiel direct appliqud, ^xrdsentent dos maxima k ])artir 
dascpiols cm pent t'stimer les valeurs du potcmtiel standard du pr<x'.es.sus 
5. r^loctn>d(‘. m6(h(Kle ]K'ut dtru dtciidue h dcs comfxiKds organiqiies, 
capables do subir une iMectm-riiductiun on oxydaLion. On cldurit la 
mdthode expi^rlmeniale, qui utilise line dlocLmdu k goiittu du niercnrc, 
ct BUB emplois ixmr ddierminer la capaicitd du la double couclio dleclriquo 
cl le ixiint zdro dluclrocapillaiix'. 


Zusammenf as simg . 

Eino 'Phooriu dcs ruvorsibclu Dopolorisationsvorgangcs, der in Gogonwart 
eines zushtzlicheu wcchsolnden ulektrischen Foldes— ^lussen Frequenzen 
hn VerhSJtnis zur Helaxationszeit doa elcktrochemischen Vorgangs klcun 
sind — stattfindet, wird ausgearbeitot und die dynamischc l^apazitkt tmd 
dor dynamische Widerstand berechnet. Es winl gezeigt, dass die Kurve 
fhr die Beziehung zwischon der Wochsolstromstaxko durch das Messge&ss 
und dem angowandten Gleichstrompotontial Slromniaxiuui aufwoist, 
aus denen das Nnrmalpotontial dcs Eloktrodonvoi^ngs gefunden werclcn 
kann. I>io Metliodo kann auf oigani«jho Verbiudungon, die oloktrolytiach 

‘ Vorgina and Frumkin, Acta Physicochim., 1943, 18, 247. 
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rcduziorbar ixlcr oxytlicrbiir sind, imsgotlchiit werdc*ti. Die i‘\})»"rmu'nlt'lU* 
Methcxlc, die cine QuccksUbertmpfeloktnjdo vcrwendi'l, imd Aiuven- 
dungcii auC Beslinimung der Kapaziiai dor cloktrischon Doppolsoliiold nml 
des clektrocapillaren Nullpnnkls wordew bi'scliriobon. 

rhysico-Cliemical Laboratory, 

L'aciilty of Affrinillure, 

TItc University of Svdney. 


DIFFUSION AND CONVECTION AT ELECTRODES. 

Bv J. N. AtJAR. 
lieccived $th Man/i, n)-| 7 . 

Movement oX solute between the bulk of the licjukl pli.isc* .-ind the 
electrode /wdution interface is oai essential featuri' td all oloclrnilo n*- 
actions ; dissolved reactants must bo supplied io tlio inter fjwe oi proilucts 
must be removed. This movement ran (K',our in Ihroo ways: (i) by 
diffusion; (ii) by convection (i.o. movemout of the litpiid o,ou(iiining ilio 
solute) ; (iii) by ionic mignition. Migratkm and convoclion eannot 
account for the whole of th<‘ niatorial rtspiired or ]>nKluo<“cl by the roiudion, 
iuid the aw>ixjration of dilljision is always noeessary ; the (Muu'ent rat ions 
at the interface must thorcfoi'o diller from those in the bulk of the sc >1111101). 
Such concontration didoronees are ro.s(KUisible for concentration over 
potontiaD and limiting cnrrtmts, and liavu an imjxirtiuit influence on the 
kinetics of electrode reactions generally. 

Thoso olfccts arc usually discussed in terms of the Ni*rnst <lillusiou 
layer h3rpathesi8 (see next section), which ciin hardly b(‘ coiisiden'd a 
satisfactory theoretical treatment of the subject. Tn this paixn* a ditferent 
method is adopted ; the variables involveil in llu* problem are fonnd by 
inspection of the fundamental e(|uations and certain ])ro[HTtieH of the 
relations botwcoa those variables ate then derived by dimensional iin.ilv.si.s.“ 
Further iulormation can be obtained by c.rmsidoriug cxi>eriiuenlal niul 
thoorotical lesnlts relating to the closidy analogous subject of iieaf tninsh-r. 

it is necessary to restrict the tliscussion to systoms in which the 
transport numlwr, T,, of the ion or molecule conci’mi'd is constant ; m 
other cases, calculation of the oUcct of migration beromes too coin])lieii.l(‘d. 
T« is constant, or ai>|)roxinuitely lumstmit, for : 

(а) non-iouisod solutes or ions in a large exa'SH of some otlu'i* t‘ks‘tro' 
lylo (T, - o ; no migration) ; 

( б ) solutions containing tmly two itins (i.e. a singh* salt). 

No more need bo said about (a) ; in {h), migration is n'.s])onsiblo for a 
Uoiinite fraction of the total transfer of solute, aud the nunaiudm’ is 
transferred by diflusiou and conv<iction, which proewd os if no mignitio]) 
wore occurring,'* * The transfer rale, j, defined bt'low, always refers to 
this latter fraction, duo to diffusion and convection and not to migration. 
The same transfer rate is tims relevant to non-oledrolytic reactions at 
a solid/liquid interface. 

It is somertiines possible to ensure that the liquid containing the cloc- 
trode is statLanary, so that there is no convection.* But the li(];ui(l is 
usually in motion, owing to (i) intentional stirring (forced convection). 

Agar and Bowden, Proc. Bw. Soo, A, 1938, i<S9, ao6. 

■ See Bridgman, DimmHmaC Anaiysis (Newhavon, 193 r). 

» IU)eebm:gh and Lash Miller, /. Physio. Chom,, 1910, 14, Sifi ; see also l-ovieh 
(ref.»). 

* e.g. Sand, Phil. Mag., rgoi, 1, 43. 



* / 


J. N. ACJAK 

(ii) moliiui ilu<‘ to v«inalions in il«Mr.i(\ a!>M«*ia((‘<l wMli 

coiici'iit niiion clianj^t's (iiatur.il convtrtioii), (iii) of (4, us a! tin* 

cicrtnulc, (iv) fompi*ndun* nr.wliouts within llu* ri‘ll, •nid {\] .nl\(‘ntitiou.s 
causes such as vibration. 'I'lie prc’senl luijwr js rrun'enu'd nilh (ii aiul 
(ii) ; (iii) may ht* n“}»anlc(l as an cxlnuiu* «mhi* oI (ii), I»m1 |irol».ilil\ m 
volvi'S additional factors siu'li as bul>blc si/t'. 

'I’lio nnnplt'b* ealoulation of the rointstive Ir.msler drp<*nds on tiu 
solution of intraetabk* hyilrtKlviumical jusWiIi'ins, iml <1 p.iili.il solution 
can 1 h‘ obtained quili' siiujdv I'V ilnnension.d .in.ilvsis ; lliis method h.is 
provetl very useful in the treatment of thermal i‘onv<‘eluui.'^ 'I'lie elose 
analogy belw<vn heat tniiisfer and mass (solute) transfer has lonj* heeii 
known, and lia.s benm widely u.sed in the study of mass tr.insfiT in ;’,.tses.* 
The ]M).s.sibilitj' of extendiiif* the analogy and the luse of diinciisitnial 
methods to mass transfiT at a solid/lupiid interface has also hts'n ns‘o;j 
nised,’* “• * Imt it does not .seem that its inqiliealions lia\(‘ Iktu fiilh 
considered. 

It wonld, of course, be more satisfactorv' to obt.dn a complete solution 
of tlie e<|uaHon.s of hyilmdynamies ami eonveiMoe fr.iiisfer. Seviual 
problems hi thermal convection liavi* been worked out in detail *“ mostly 
in terms of 1‘raiidtl’s boundary layer theory and thie(‘ inqiortant pa|M‘i.s 
by la'vich "• d<‘al with coinecLion at an (‘leetriKh* in a .similar manner. 
Hut all Hueli solutions ar«' at jire-sent bmitisl to inustss where llu‘ geometry 
of the o<*n land electiiHle is .simple, and M's! riel ions may also he iiniKisisI 
on the size of the electrode. In pniclias Lho d«‘sigii of e<‘lls and <'h‘<*t iiKles 
is governtsl by factors other tlian geometrical simplicity, and «‘leelio 
chemical exix'riments are o/t<‘n carrietl out under conditions wliich, from 
the hydrod^mamical point of vim, are imiHissibly comiiHcnteil. 


Tho Nemst Diffusion Layer. 

Nenist " ]H)stulat(‘d a .stationary layer ot liipdd in eontju't with tU<* 
electrode ; within the layer only diilusion is operative, while onthuli* the 
layer the coneentratioii is maintaimsl at a eon.sl.iiit value, hv ton 
vection, and ditlusion is uogligihle, II the eleclnsle i-. p!.nu‘, the ste.idv 
concent rat ion gradient in the layer is linear and the* iat(‘ at wlm li .i solute 
pa.s.se.s through it (the tninsfer niti') is ; 

j .... 


where /) l.s the ilidusioii em'lheient of llu* solute’, t„ .mil t„ aii* ie.sjH’etivelv 
the eoneenlrutvons in the bulk and at the elis'tnsle and f* r. the thieknens 
of the layer. 

In jmu’liw, «) l.s ealeulatisl hy the foimula 

J .... (i«) 


where j is the mean v.diie o( ; over the whole elee.triKle (nie.ui tr.uu.fer 
rate), and the same i'liualion is usH’d without uuHliilcution for non plantir 
elect rmles. 


* Kayloigh, Nature, 9S» McA<liimH, Heal TraHstnisiiim (Medruw- 
Ilill, UM^)- hm Hoseh, lVSr}iU’&(H.'rtraf;Httg (Sjiriiiguc, u>^(i). 

•e.ft. ShurwrKxl, JlbsurptUm anti Hxtracthn (McCrmw-1 fill, 1037). 

’ King and ilovvanl, /»«/. Hug. Cftetn., 1037. >9, 7.‘J. 

B Hixson, ibid., Jo.pt, St*, 4^8. Hixson aurl Jtauiu, ibuf., 1041, 47K ; 

lO.fa, 34, lao. 

• lleliida, ,/. Sue. Clieiu. hut. Japan, H, 1033. 3*» *1 I Jh.Mi 37» tluhida 
aiul N'akayama, ibid., 1033, 39, o.jij. 

'i® Sou ten Iio.nili (ref.®) and ttoiilsleiu (mf.^*), cli. 14. 

Ixivie.h, Aeta Hbysicoehim., 104^, 17, i^y. 
fxivicll, ibid., 1944, ^9» * ^ 1 ' 

“ Ixivich, ibid., 10.14, 19, 133. 

N’enwt, Z. phyi>iH, Chrm., tiK>4. 47t 5a. 
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I’roviclcd the transport numbor Ta is indoiK'ncU'iil of conrt'iitrnlion 
(iuchulhig tlic case where migration is negligible and 7 , = o), j is given by : 

^ ~ AzF 

when* I is Iho total current, .1 the <*le<*tro(le aiea, F the lMi.id.iv, tin* 
juiinber of l''anuliiys re<|uir<*d per mole. re.utiii'> aiul /'„ tl»' lMii‘>|H)rt 
nuinluT of the iv.icling ion.‘ 

In reality the triiasilum from rlitinsion alone at ilte eleetnMle iuulan*. 
to convection alone in Ibe bulk must take place C(ititiiiMiMi'<l\ : diltiriioa 
and convection will be e<|nall3'^ imporlant at some dist.iiue k' Irom the 
surf5ic(‘, when* 8' la of the same onler as S. Aav l.iitor wliieh mereases 
convection (o.g. inen*ase of lujuitl vclocily) will diinine.h h' ; an imii'a.a* 
of the diflusiou coefficient will enlarge the /om* in which dillusion is 
prwlominant and will thus increase S', Similar dianges in 6 are to Ik* 
expected.^ 

I'bo expcrimrtital values of 8 are around «)*o5 cm, for v(*itical surfaces 
in unstim*!! soliitioiLs (natural convedion) and o-iwuj cm. f)r Ic'ks in sin red 
solutions, lurcording to the nite of stirring. *• It thus apjiears that loiei*d 
convection dm* to the ordinary lalKiratory niethods of stirring is niiich 
greater tlian natural convection ; the Isittor can then*loi‘»> be negl(*cted in 
stirred solutions, and the two types of convi*clion can l«* coiisiil(*r(*d 
se]iamtely. 

The Equations of Diffusion anti Convection. 

The rale of changi* ol ooneentralion, r, at any point in llu* solullon 
is given by tlie dilti'reiilial eijuntion : 



or in vector notation (of. Taivich : 

~ b=3 jD div grad c —v gnid c . . . (.iu) 

where / is time, D is the dillnsiou cooflicient, anil », v and /a an* the at, 
y and sr comixmonts of tlie vi*loeiiy v at (In* |K>iiil ,v, y, s, Tlie first lenii 
on the right rcprusont.s the ctfect of dillnsiim, wliieli is asaiinu’d to obey 
Kick’s law as in a stationary Ik|uid ; the second t»‘nii gives the chaiigi* in 
coiiccntnition due to convection. 

As the equation is linear in c, wo can replace c by the concent nit ion 
dilfcrence 9 • o -- Cgi lienco : 

SO 

^ div gnul 0 — v gnul 0 ... (j) 

At tiro cloctnxlo surface, «, v and w are zero and transfer is (*iitir<‘ly 
by diJQirsion, so wo have tiro two bomrdary coirditions : 

c = c, or = c, — Co . . . . (4) 

and 



where j has the same moaning as in (i) and n reproscaits distanw* hum tbo 
dectrodo measured normally to the surJEaco. 

“ King, J. Antfir. Chem, Sac., 1935, 57, 8*8. 

i«Kemst and Merriam, Z. ^hysih. Chtm., 1905, 53, *35. Brunnor, 

X904, 47, 56 ; and see tho review ol the subject by Glasatono and llickling, 
BiectroiyHc Oxidation and Reduction (Chapman and Hw, X935). 
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where 4 is the axea o£ -the oktiiodi 


The Equations of Motion. 


Ihc following brief distussiim is givtn m oitlii I i how lln fntoi 
on which the motion di |x lids lull uiouni u< ol tom i, to bi t mud 
in standard woiks on hyiliodyn imii s 

Ihe components of velocity, « i>, w, in i liquid ui ditiniumd b\ tin 
equation of contmuity 


<)w , dv , Tiio 

ly ^ Ss ^ 

together with the ihieo Naviei Stokes equations 
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to be constant, p — po "will nsnally be small compared to po. and ( 7 ) 
thus becomes approximately ; 


= U:^ + Vr;- + = + gx9 + VV “• 

3 / Tty (is 


b) 


As already stated, the effect of natural convection (i.c. of gravitational 
motion) is negligible under forced convection conditiona, and the gao 
term may then be omitted. 

Although pressure gradients and velocities appear in the ecpiations of 
motion, pressure and velocity cannot botli be taken as independent 
variables. It is usually most convenient to choose velocity a.s an inde- 
pendent variable ; p is then, m principle, determinod by the equations, 
and no further consideration need be given to it, nor to quantities such 
as Po Avhich appear only in conjunction ivith p. 

In forced convection problems, some characteristic velocity 17 (e.g, 
peripheral speed of a stirrer ; mean rate of flow through a tube) must 
specked. In natural convection, U may be put equal to zero (stirrer 
stationary), and therefore does not appear as a variable. In addition, 
the time, t, may be omitted from any relation that refers to a steady state 
of diffusion and convection. It is worth noting, however, that in turbulent 
motion the velocities fluctuate about a mean v^ue, and similar fluctuations 
must occur in c, j, etc. Experimentally, the important quantities are 
the average values over a long period, and they will be independent of t. 


Application of Dimensional Analysis. 

(1) Forced Convection. — ^The solution of the differential equations 
is a function of the coeflicients which occur in them and of the quantities 
appearing m the boundary conditiona. Hence j depends on C7, v, £) and 
(c, — Co) ; it also depends on the distance n appearing in (5) and on the 
various spatial coordinates which determine the position and size of the 
electrode (including its area A), and of the other boundary surfaces. All 
these latter quantities can be expressed in terms of some characteristic 
leog^ I (e.g, the length of the electrode), together with dimensionless 
ratios of the t 3 rpe x/l. The problem thus involves six dimensional quan- 
tities, J, U, V, I, D and (c, — Co). 

It must be possible fo express the relation between these six quantities 
in a form whi(^ is independent oX the units employod, i.e. as a relation 
between dimensionless groups.* Table I shows the dimensions and units 


TABLE I. 


Symbol. 

Transfer of Solute. 

TEWiaioT of Hoot. 

Quantity. 

Dimenrionst. 

Quantity. 

j 

Mean transfer rate 

jlfjr-ij-i 

Mean transfer rate 


(moles. /cm.* sec.) 
Concentration diSerence 

ML-* 

(cal. /cm.* sec.) 
(Temp, difference) x S 


(moles. /cm.*) 


(cal. /cm.*) 

jD 

Diff^on coefficient 

L*T-^ 

Thermal diffusivity 

V 

(cm.*/ 8 ec.) 
Kinematic viscosity 

L»T-i 

(cm.*/sec.) 

(As for solute) 

1 

(cm.*/ 8 ec.) 

Characteristic length (cm.) 

L 

(As for solute) 

V 

Characteristic velocity 

LT-^ 

(As for Bolnte) 

(^«) 

(cm. /sec.) 

Gravity x density coefit. 


(Gravity x thermal 


(cm./sec.*) x(cm*/mole.) 


expansion coefft.) jS 


5 SB i^tecific heat per unit volume. 
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of j, U, V, I, D and (c, — Cq), and tho analogous variables which occur in 
heat transfer problems. 

Elimination of the three fundamental units M, L and T impose three 
conditions ; hence 6 — 3 = 3 independent dimensionless quantities can 
be formed from the six variables. They may be chosen in various ways, 
but the following are most convenient : 


Reynold's number : 
Nusselt’s number : 


Re = 


Ul 


V 


Nu^ 


JL 

en 


y 

Prandtl’s number : Pr 

where 0 = (c, — Cq). 

The nomenclature follows the usage of hydrodynemiics and heat 
transfer ; the nature of the correspondmg thermal quantities will be clear 
from Table I. The relation between the six variables can thus be reduced 
to : 

Nu = F(Rc, Pr) .... (lo) 


The form of the function F depends only on the shape of the apparatus. 

( 2 ) Natural Convection. — ^The characteristic velocity U does not 
appear in natural convection problems, but the quantities g and a have 
to be included. They need not be considered separately, since only their 
product (ga) occurs in the equations (see (gjj ; the dimensions of (get) 
are given in Table I. From the six variables j, I, v, D, O and (got), three 
dimensionless quantities can be formed ; the usual choice is Nu and Pr 
as in forced convection, together with : 

Grashof's number : Gr = - - 

v’ 

We thus have : 

Nu = G{Gr, Pr) . . . • (i 0 

where the form of the function G depends only on the shape of the apparatus. 

Under certain conditions this equation can bo simplified.^* If the 
velocity of motion is small and steady, the acceleration of any clement 
of the fluid (i.e. the left hand side of (g)) becomes negligible ; the pressure 
gradient and gravity are balanced by viscous forces alone. (9) can now 
bo rewritten so that v appears only in the pressure terms, which are of 
no further interest, and in a coefficient (ga)/v; in tho final solution v 
must therefore occur only in this form. This condition is satisfied by 
introducing Gr and Pr into the function G as tlicir product Gr . Pr, so that : 

Nu ^ G{Gr, Pr) = G'{Gr . Pr) = ■ • (12) 

Heat transfer measurements show that the simplified equation holds 
over a wide range of Gr and Pr.*® 

The discussion has so far been restricted to reactions where only one 
solute is concerned (e.g. deposition of Cu from CuSO* solution). Many 
electrode reactions, and other surface reactions, are more complicated, 
since the density of the solution depends on the concentration of two or 
more solutes. Examples are : 

(i) reactions in which reactants and products are both in solution, 
e.g. Fe+++ + e" Fe++ ; 

(ii) deposition of, e.g., a metal from excess of indifferent electrol3d» ; 
th^ are changes in the concentrations of metal ion and of in- 
diiferent electrol3d:e. 


** Davis, PhU. Mag., 1922, 44, ga6. 


** See McAdams (ref.*), p. 243. 
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Assuming that the changes in density due to the various solutes, 
numbered i, 2, 3, etc., are additive, the term gaO in (g) must bo replaced 
hy + ■ • •)• there muwSt be equations similar to (3), 

(4) and (5) for ca<di solute, involvmg its concentration aad its diffusion 
coefficient (£>i, £>„ etc.). It does not seem po.saible to derive simple 
expressions analogous to (ii) and (12), but approximate values of Nu 
will be given by 

(“i®! -f + • • O"! 

■ J ■ (*3) 


Nui = Nuz = 


. = G' 


where is the arithmetic mean dillusion coefficient. The use of 1 )„ 
can be justified on the grounds that the diiTerences betwtKai the, various 
D’s are usually small and that the value of Nu is not very .sensitive to 
changes in the variable Gr . Pr, as will appear later. 

The efiect of variations in density due to temperature gradients is 
probably small (see Levich ^*) and they have been neglected. Temporaturo 
gradients may arise from the Joule heating effect of the current and from 
the heat of reaction at the electrode. The former will certainly bo negligible 
at small current densities ; the latter may escape by conduction through 
the electrode or, in other types of apparatus, may be transferred to the 
solution, in which case " heat " may treated as an additional solute. 


Gomparlson with Experiment. 


Equations (10), (10), (11) and (12) show that the thickness of the Nemst 
diffusion layer is given by 


and 


8/ = (forced convection) . (14) 

^ ° SidrP f) “ 5 l G r . 'f ^ 3 (natural conveclicm) . (15) 


where the subscripts / and n show the type of convection. 

In forced convection, 8/ is independent of the concentration difference, 
6 = c, — Cq, since neither Re nor Pr depend on 6 ; in other words, j is 
proportional to c, — Cq. This r^nlt is analogous to Newton's Law of 
Cooling in the thermal case. In natural convection, on the other hand, 
is St function olGr = PgaOjv*, and therefore varies with the concentra- 
tion difference (or with the current density). It is obvious that there 
must be some such variation of 8«, since the velocity of motion depends 
on the density difference. Both these conclusions are siipporled by 
experiment, although 8* does not, in fact, vary much with the concentra- 
tion difference and may often bo considered constant. 

Further information about the functions F, G and G' has to bo derived 
from experiment (including heat transfer meosuromonts) or from tlio more 
complete theoretical solutions which have been obtainoa in ccrtiiin simple 
cases. 

Forced Convection.^ — ^Assuming that F can be expressed in the form : 

F(J?«, Pr) = B. (Re)»(Pr)* . . . (i6) 

where B is a constant, we have ; 

8,=i 


The effect of stining velocity, U, on 8/, in ^ectrode and other surface 
reactions, has been investigate hy many authors, and the results have 
usually been found to obey a law of the form 

8 f *= const. U-^ 

with v^nes of m ranging from 0*5 to i, according to the type of apparatus 
and stirring.^ Compazison with (16) shows that m =s a. 
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There is little direct iofonriation about the value of b, which determines 
the effect of Pr (i.c. of D), or about tho inffuence of changes in v and /. 
Hixson and Baum,® from the rate of solution of bonzoic acid tablets in 
stirred liquids of various v and in geometrically similar vessels of differing 
sizes, found a:^: i and 6 = 0-5; King and Howard ^ found 6 = 0-3 from 
the rate of solution of metallic wires in various reagents, and 6 = 0-17 
on the basis of earlier experiments. King and Howard edso measured 
heat transfer from electrically heated wires in the same apparatus and 
showed that it could be correlated with the mass transfer observations 
by an equation similar to (tC). 

The data derived from heat transfer measurements are much more 
complete. For turbulent flow through long pipes, McAdams * gives 

Nu — 0-023 (Pr)®-‘ • • . (17) 

using the mean velocity of flow (cc. per sec. per sq. cm. cross section) 
and the diameter as the characteristic velocity, U, and length, /. Similar 
equations have been proposed for transverse flow past wires and pipes. 
It should be possible to csdculate diffusion layer thiclmesses from equations 
such as (17) (cf. King and Howard ’), and a rough calculation, using (17) 
for a tu^ I cm. in diameter with U = 100 cm. per sec. and values of v 
and D given in Table II leads to 0-002 cm., which is of the order 
commonly observed, although there do not appear to be any recorded 
measurements of 8 for flow through tubes. Uchida ® has found, more- 
over, that the rate of attack of copper tubes by ammonia solution is 
proportional to the 0-79 power of the velocity of flow, and has drawn 
attention to the close agreement with the exponent o-8 in (17). The rate 
of attack is probably controlled by the rate at which dissolved oxygen 
reaches the surface of the metal. 

Laminar flow along a flat electrode has been treated theoretically by 
Levich,i>^ and, mth rather different approximations, by Eucken.** The 
general equation for convection in this case, ]i Pr> i,* has the form : “ 

Nu = const. 

Levich has also considered a rotating disc electrode ; putting D = io-» 
cm.® sec."i and v = 10-* cm.* sec."^ (see Table II), he finds : 


v/rev. per sec. 

Natural Convection. — theoretical solution of the natural convection 
equations for heat loss from vertical plates in air has been obtained by 
Schmidt, Pohlhausen and Beckmann ; ** wlien reduced to the simplified 
form (12), it becomes : 

Nu = G' (Gr . Pr) = 0-525 {Gr , Pr)i = 0-525 • (^S) 

and this equation should hold for other types of convection in other media. 
Nu is independent of the width of the plate provided it is large compared 
to 8, and the relevant characteristic length to be used in (18) is the hdght. 
A similar expression is given by Levich.** 

Fig. I shows the theoretical relation between log Nu and log [Gr . Pr) 
according to (18), and also according to data derived from heat transfer 
measurements given by McAdams.® The two curves agree well from 
Gr .Pr ^ JO* to Gr . Pr = lo*. If the diameter is used as the character- 

* Pr = vjD is of the order 10* for diffusion of electrolytes in aqueous solution 
at room temperature. See Table II. 

** Glasstone and Hickling, ref.*®. 

** Eucken, Z. Elektrochem., 1932, 38, 341. 

** See, e.g., Goldstein, ref,*®, ch. 14. 

*® Seo ten Bosch (ref.*), p, 159. 
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istic length. I, the experimental heat transfer curve for long horizontal 
wires lies very close to that for vertical plates. 

As ahead}’ mentioned, the Gr . Pr product for convection in electrode 
processes is often a rather complicated quantity. But in most cases the 
various 0’s appearing in (13) are proportional to one another and roughly 
equal numeric^y ; we can thus use the simpler expression (tz) if a now 


TABLE II. 



1 

(ff«) 

cm.*/MC.* 

mole. 

e 

9, 

D. 

{Gr . Pr). 

Nu, 



cm. 

molt.fcm.* 

cm.*/Bec. 

cm. 

(«) 

B 

40 X 10* 

10“* 

IO-* 

IO-* 

4X10* 

26*3 

0*038 

(6) 

B 

40 X 10* 

IO“® 

IO“* 

IO~* 

1 

4X10* 

3-24 

0*031 


represents a suitably chosen “ overall ” density coefficient. Table II 
shou’s the data used in two calculations of Gr . Pr, {a) for an electrode 
I cm. high Avith concentration difference ooi m. ; (6) for an electrode 
0*1 cm. high with concentration difference o-ooi m. a is taken to be 
40 cm.* mole-“*, which is typical of salts such as KCl ; a is larger for heavy 
metal salts, but the lower value has been used since the density is often 

determined by a differ- 
ential effect — increase of 
concentration for one 
solute and decrease for 
another, v and D are 
typical values for aqueous 
salt solutions at room 
temperature. 

The values of Nu = 
G'{Gt' . Pr) corresponding 
toGr.Pr=<\ X io~* and 
4 X io-« are obtained 
:tom the experimental 
heat transfer curve. 
Fig. I, and the thickness 
of the diffusion layer is 
calculated by (15). It 
win be seen that they 
agree reasonably well 
with the commonly ob- 
served value 0-05 cm. ; 
when it is remembered 
that the calculation is 
based on heat transfer 
measurements, mainly 
for large plates in air, 
the agreement may be 
considered very satis- 
&ctory. It is clear from 
the graph that the theoretical equation (18) would give nearly the same 8 at 
Cff- . Py = 4 X IO-* but a somewhat larger value aA.Gr .Pr = ^ X io~*. 
From {15) and (18), it appears that : 

I / 



Theoretical (e< 
Experiments! I 


lams) (heat transfer) . 


'hB\\ 
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so that 8« should chaage appreciably with tbe conceutratioii diflorcncc 6. 
It is often stated that is independent of 9 , and this seems to be par- 
ticularly well established for the stationary platinum wiro micro- 
electrodes” used by Laitinon and Koltholi.»» It is, however, to bo 
expected that 8, will be relatively insensitive to changes in 9 when very 
small electrodes are used ; there are two reasons : , . j 

(i) if the linear dimensions in all three directions of the electrode are 
small, the majM transfer due to diffusion alone (without convcclionji 
becomes appreciable ; for transfer of this type, 8 is constant, 

(ii) the experimental heat transfer curves for wide plates and long 
ivires (Fig. i), where (i) is of no importance, flatten out at low 
values of Gr . Pr, i.e. the exponent in (i8) becomes less than Since 
Gy , Py diminishes rapidly with the linear dimensions, a siimlar 
effect may occur with Laitinen and Kolthoff’s short wire nucro- 
clectrodes. 

As regards larger electrodes, some of the available data show a 
definite trend of 8* ** in the expected direction, although it is not as large 
as predicted by (19). Further evidence on this point is given in the 
following section. 


Goncentratloii Overpotential under Natural Convection Con- 
ditions. 


The variation of 8,1 with 9 which is to bo expected under natural 
convection conditions, has an effect on the relation between current and 
concentration overpotential. Assuming that all the variables except 
j, 9 and 8« remain constant, and that 

Nu^{Gy)* .i{Pr) . . . (cf. (ii)) 

we have 

8, = Ai©-" .... (cf. (19)) 

and 

I = AJ = A,e»+i 

where I is the total current and A^, A# and A3 are constants.* ALSSumiug 
further that the potential of the electrode is controlled by the concentra- 
tion of only one solute and that diffusion potentials can be neglected, the 
concentration overpotential, ij*, is given by : 

1 


RT^ c, RT^ ( , 9 \ RT. r , , v 


where Jq = AjCo^+i. The positive sign is to be used when c, > Cq ; Iho 
negative when c, < Co. 

When c, >- Cg, (20) becomes ^ 


Ve ~ 


RT, I 
— K-ln-r- 
zF lo 


or F, = Fo + 


RT 


In J 


(21) 


M -f I ■ f 0 ” ' n -\- 1 zF 

if V, is the potential measured against a standard reference electrode, 
n can thus be determined from the slope of the potential — log (current)- 
curves. 

With this object, some observations have been made on the deposition 
of iodine from KI solutions, at flat vertical platinum anodes i*o to 2-9 cm. 
high and i-o cm. wide, in unstirred solutions at 21° c. Brunner has 
shown that iodine is liberated without any measurable activation over- 
potential, and the potential is thus controlled by the concentration of 


* 9, 1 and Jq are to be taken as positive quantities, irrespectivo of their true 
sign. 

“ Laitinen and KolthoS, J. Pltyeic. Ckem., Z94X. 45, 1061. 

** e.g. Wilson and Youtz, Ind. Eng. Chem., 1923, ig, 603. Collenborg and' 
Bodforss, Z. physik. Chem., 1922, loi, 117. 

Bnmner, Z. physih. Chem., 1907, 58, r. 
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13“ in contact with the electrode. The concentration of KI was n. or 
5 N., and the effect of changes in [I-] is negligible ; the concentration of 
I3- m the bulk, i.e. Co, was zero. Under these conditions (21) should 
hold, and, introducing the appropriate values of z, etc., it becomes 

7* “p I 

in volts. Measurements of the potential of the anode (against saturated 
calomel) at various currents showed that the relation between Vg and 
log I was linear ; the observed slopes ranged from 0-022 to 0-025 v. The 
corresponding values of n are approximately 0-3 and 0-15, and may be 
compared with the theoretical value 0*25 (equation (lo))- 

Summary. 

1. The method of dimensional analysis is applied to the diffusion eind 
convection processes which govern the transfer of a solute between an 
electrode and the bulk of a solution, and the results thus obtained are 
extended by consideration of experimental sind theoretical work on the 
closely analogous subject of heat transfer. 

2. The thickness of the diffusion layer at a vertical electrode in un- 
stirred solution is calculated from experimental heat transfer data, in 
satisfactory agreement with observed values. 

3. It is shOAvn that the thickness of the diffusion layer, S, at an electrode 
in a stirred solution is independent of the concentration difference be- 
tween the interface and the bulk of the solution. In unstirred solutions, 
some variation of 8 with concentration difference is to be expected, and 
the resulting changes in the relation between current and concentration 
overpotenti^ are brieffy discussed. 

R6sum6. 

(1) L’ analyse dimensionn^e est appliqu6e h la difhision et k la con- 
vection, qni r^gissent le transport d’une substance dissoute entre une 
Electrode et le corps de la solution ; les r^sultats ainsi obtenus sont 
6tendus par comparaisen avec des travaux exp^rimentaux et thtoriques 
snr un sujet analogue, le transport de chaleur. 

(2) L’dpaisseur de la couche de dijffusion sur une dlectrode verticale 
en solution non agitde est calcul^e Ik partir de valeuis expdrimentales 
du transport de chaleur et se trouve en bon accord avec les idsultats 
observes. 

(3) On prouve que I’dpaisseur de la couche de diffusion, au voisinage 
de rdlectrode dans une solution agitde, est inddpendante de la difference 
de concentration entre I’interfoce dlectrode-solution et le corps de la 
solution. Dans des solutions non agitdes, on doit s'attendre h une cer- 
taine variation en fonction de la difference de concentration ; les change- 
ments qui en rSsultent dans la relation entre le courant et le aurvoltage 
par concentration sont bridvement discut6s. 

Zusammenfassung. 

(1) Die den Obergang von geldster Substanz zwischen einer Elektrode 
und der Hauptmeuge der Ldsung kontrollierenden Diffusions- und 
Konvektionsprozesse werden mit Hilie der Dimensionsmethode analysiert. 
Die Erwagung von expeiimentellen und theoretiachen Arbeiten auf dam 
eng verwandten Gebiet derWanneiibertragung ermhglicht eine Erweiterung 
der 60 erhaltenen Ergebnisse. 

(2) Die aus den l^ultaten von W&rmelibertragungsmessungen berech- 
nete Dicke der Diffusionsschicht an einer vertikalen Elektrode in einer 
ungerffhrten Ldsung stimmt gut mit den beobachteten Werten ffberein. 
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(3) Es wird gezeigt, dass die Dicke der Diffusionsscliicht an einer 
Elektrode in einer geriilirten Ldsung unabh&ngig vom Konzentrations- 
unterscbied r\nscheu der Fhasengrenzflclche nnd dor Hauptmcnge dor 
Ldsung ist. Fiir ungeriihrte Ldsungen ist aber eine solche AbhSLngigkeit 
zu erwarlen und die dadnrch hervorgerufenen VorSLnderungcn m dor 
Relation zwischen Stromst§.rke und Konzentrationsiibcrspannung worden 
kurz besprochen. 

Laboratory of Physical Chemistry, 

Cambridge. 


THE THEORY OF CONCENTRATION 
POLARISATION. 

By B. Levich. 

Received 2$th March, 1947. 

1. Introduction. 

The velocity of electrochemical processes on the surface of an electnido 
immersed in a solution is governed by two factors : the velocity of approach, 
of matter (ions or molecules) to the electrode and the velocity of the elec- 
trode processes proper. 

In this paper we shall deal with the first factor. The molecular diffusion 
of ions in a liquid solution takes place extremely slowly. Therefore in 
practice the process is accelerated by artificially stirring the solution. It 
should be ot^n-ed that if the solution is not purposely stirred then tho 
irregular distribution of the density always gives rise to natural convection. 
The transport of ions to the surface of the electrode is thus brought about 
as a rule by convective diffusion. 

The magnitude of the current flowing through the electrode depends 
to an extremely great degree on purely hydrodynamical factors. In a 
number of papers ^ we have discussed tho influence of hydrodynamical 
factors on the velocity of heterogeneous reactions on interphase boundaries. 
The electrochemical reactions on the surface of an electrode arc a particular 
case of such processes. The present communication \vill deal only with 
such reactions, it being first assumed that tho electrode processes take 
place in the absence of noticeable overvoltage. To simplify the troatment 
Avo shall also limit ourselves to the case when tho solution contains an 
excess of a neutral electrolyte. 

Tho problem of tho transport of matter in stirred solutions has beem the 
subject of numerous theoretical and experimental investigations. Nomst * 
developed a qualitative theory of this process. He a.ssumed that the main 
chaise in the concentration of the solution takes place in a very thin 
stationary layer contiguous to the electrode surface (Nemst's diffusion 
layer). 

The diffusion current per unit surface area of the electrode is related to 
tho concentration difference and the thickness of Nemst’s diffusion layer 
S' by the expression : 

idit. = . . . . (i) 


^ Levich, /Icte Physicochim., 1942, 17, 257 ; ibid., 1943, 19, 117 ; J. Physic. 
Ghent. {Russ.), 1944, 335 : ibid (in press). 

“Nemst, Z. physik. Chem., 1904, 47, 52 ; Nemst and Merriam, ibid., 1905, 
53 . 235- 
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where D is the diffusion coefficient of the reacting particle, «, the change 
of valency during the electrochemical reaction and Cg^ and r o are the con- 
centrations of the solution far from the electrode and at its surface, respec- 
tively. 

It is postulated in Nemst’s theory that the thickness of the diffusion 
layer is independent of the nature of the electrochemical process on the 
electrode suz^ce and of the character of the potential distribution. The 
absolute value of S'* depends on the regime of stirrmg, and must be found 
from experiment. In the usual practic^ cases of stirring, Nemst's diffusion 
layer hsis a thickness of the order of lo-* — lo-® cm., and depends on the 
regime of stirring according to the law : 

CO'ilSt. 

8 --xJT 

where TJ is the velocity of the liquid. The values of » found by different 
authors ® vary from « = 0*5 to « = i. 

Although Nemst’s theory was very fruitful in its time, it is now some- 
what inadequate. In the first place this theory — at any rate, as usually 
formulated — contains the clearly unpermissible assumption that the liquid 
is stationary within the diffusion layer, which is contrary to the experi- 
mental data on the flow of liquids near solid surfaces.* Furthermore, the 
theory does not allow quantitative predictions to be made and it does not 
even offer any qualitative indications as to the dependence of S' on the 
regime of stirrmg. 

The inadequacy of Nemst's theory induced Eucken to reject the notion 
of a diffusion layer and attempt to develop a strictly hydrodynamical theoiy 
of the transport of matter in a moving solution.® Eucken did not, how- 
ever, give a general theory of the transport of matter in a liquid, while the 
inaccuracy (see ref. (i)) of his initial equation invalidates his results for 
practical cases of stirring. 


2. Equations of the Transport of Matter in a Moving Liquid. 


In all cases of stirring of practical interest the Reynolds numbe 
Re = ^is great compared with unity ( and Ul are, resp., the character- 
istic velocity and dimension, and v is the kinematic viscosity of the liquid). 
The flow of the liquid, as is well kno^vn, can then be divided into a region 
of non-viscous flow and the Prandtl ^imdary la-jer contiguous to the 
surface of the solid. 

We set ourselves the problem of studying the motion of ions or mole- 
cules in a liquid that is bemg stirred. To solve the problem of the transport 
of matter in a stirred solution it is necessary : (a) to solve tho equations of 
convective diffusion and find the distribution of concentration in the 
solution, and subsequently (6) to find the distribution of the potential. 

The equation of convective diffusion to the surface of a solid has the form : 





(2) 


where c is the concentration and D the diffusion coefficient. The left- 
hand side expresses convective transport in the moving liquid, the right- 
hand side, ordinary diffusion. The boundary conditions of the problem 
are as follow. In the bulk of the solution far from the dectrode, the con- 
centration must have a constant value . At the electrode surface the 
boundary conditions may vary. In the simple case of constant potential 


* Bruner, Z. pJiysik. Chetn., 1904, 47, 5G ; Nemat and Merriam, loc. cit . ; Van 
Name, ibid., rgio, 73, 9, Amer. J. Sci., 1910, ap, 237; Wildennan, Z. physih. 
Cham. 1909. 66, 445 ; IQng and ^hack, J.Amer. Chem. Soc., 1935, 57, I2r2. 

* Fadge, Proc. Roy. Soc. A, 1932. 

* Eucken, Z. Ele^ocheim., 1932, 38, 34X. 
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the concentration at the electrode surface should have a constant value 
c = Co. In particular for the regime of the limiting current, c = o on the 
electrode surface. 

If equation (2) is compared with the equations of motion of a viscous 
liquid they are seen to be similar, the unlmown concentration taking the 
place of the unknown velocity components in the equations of motion, 
and the diflEusion coefficient that of the viscosity. Hence equation (2) 
be solved in the same way as the Navier-Stokes equations in hydrodynamics. 

The ratio of the tw'O terms in (2) is in order of magnitude oqu^ to 


Ptf = 


He 

Hx 


D 


Hx* 


m 

D' 


This dimensionless number is called the Pekle number. It corresponds to 
the Reynolds number for the flow of a liquid, and tho regime of transport 
of matter is determined by the value of the Pekle number. If this number 
is great compared with unity, molecular diffusion can be neglected in com- 
parison \vith the convective transport of matter ; if it is small, on the 
contrary, molecular diffusion predominates. 

The ratio of the Pekle and Reynolds numbers is a dimensionless number 
called the Prandtl number : 


— = — = Pr. 

Re D 


In liquids the Prandtl number is alwa3r8 large compared with unity ; for 
w’ater it is usually of the order of 10*. In gases, on the contrary, the 
Prandtl number is of the order of unity. 

Due to the smahness of tho diffusion coefficient, the Pekle number is 
large for the lowest values of the velocity, even when the corresponding 
Reynolds number is still small compared with unity. Molecular diffusion 
in liquids can therefore almost alwa3rs be neglected in comparison with the 
convective transport of matter. \\^en the Pekle number is large convec- 
tive diffusion can be treated in a manner analogous to that applied in 
hydrod3mamics to the flow past a body at large Reynolds numbers. Thus 
if the Pekle number is large compared with unity, then tho term due to 
molecular diffusion in (2) can be (topped and the solution of the equation 
^vill be c = const. = c^. 

The concentration of matter will thus be constant throughout the 
volume of the liqmd. However, this solution of the equation cannot be 
valid on the dectrode surface where the condition c =-= Co, or c — o, must 
be satisfied. There should therefore bo a thin layer of liquid near tho 
surface of the electrode in which tho concontration varies rapidly. In this 
layer the derivatives of the concMitration with respect to the co-ordinates 
are very large and as a result the term in the right-hand side of (2) expres- 
sing molecular diffusion becomes comparable to the term in the left-hand 
side, despite the smallness of the diffusion coefficient. 

Thus, at large Pekle numbers, as at large Reynolds numbers, the entire 
liquid can be divided into two parts ; a region of constant concentration 
far from the surface of the reaction and a region of rapid variation of the 
concentration in the immediate vicinity of this surface. The latter ex- 
tremely narrow zone is analogous to the Pnindtl boundary-layer. In tho 
Prandtl layer the viscosity of the liquid must be taken into account, 
whereas in the ma i n volmne of the flow it does not come into play. Simi- 
larly, in the liquid layer contiguous to the surface ol the elcclrodo mole- 
cular diffusion must be considered. This layer will therefore be called tlio 
diffusion boimdary-layex. 

The concept of the diffusion boundary-layer is evidently a generalisation 
of Nemst's layer. However, the two concepts are fundamentally different 
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in that the vdocity of flow of the liquid in the diftusion honndary-layer is 
not necessarily equal to zero. On the contrary, the diffusion and con- 
vection currents of matter are of the same order of magnitude. The dif- 
fusion boundary-layer is an analogue of the thermal boundary-layer in 
the theory of the transport of heat in liquids, but there is an important 
quantitative difference between the two : the diffusion boundary-layei is 
several times thinner than the thermal layer and hence its properties (e.g. 
the spatial distribution of matter) differ from the analogous properties of 
the thermal layer. We shall return further to the problem of the limits of 
applicability of the concept of the diffusion boundary-layer. 

On this basis it was possible to develop a qualitative theory of the 
boundary-layer for an electrode of arbitrary form, using considerations of 
dimensions and to calculate the diffusion currents and the distribution of 
potential for a number of geometrically simple cases of flow. Only a 
short summary of the main results arrived at will be set forth here. 

3. Diffusion Currents. 

We have found the exact solution of the equations of convective dif- 
fusion of ions to an electrode having the form of a large disc revolving 
about an axis passing through its centre. The 
c.d. on the electrode is given by an interpolation 
formula, which coincides Avith that of Nemst’s 
theory (I), if for the thickness of the diffusion 
layer we put : 

8' = i.62(5)*(£)* . . . . (3) 

where <o is the angular velocity of the electrode. 

In Fig. I is represented the dependence of the 
concentration of the solution on the distance to 
the disc (in units of S'). We see that the main 
change in the concentration takes place at a 
distance of unit length so that in this sense S' really 
represents the thickness of the diffusion boundary- 
layer. Comparing 8' and 8, the thickness of the 
hydrodynmnical boundary-layer in which the re- 
volving disc exercises the main drag on the liquid, 
it can be shown that with an accuracy up to a factor of the order of unity, 

h' equals the thickness of the layer dragged along divided » i-®- 

by the Prandtl number Pr to the power The velocity of the liquid at 
the boundary of the diffusion layer is equal approximately to lo % of the 
total velocity of flow and falls off gradually to zero at the solid surface. 

The second case to be analysed in detail was that of an ^ectrode in the 
form of a plate set in a laminar flow of liquid. For the limiting current 
regime when the concentration of the reacting ion at the electrode surface 
is zero, the density of the limiting current on the electrode is : 

iiim. = o, 33 (£y b(^^y . . . (7) 

where U is the velocity of the liquid, 6, the cross-section of the plate, 
the co-ordinate along the plate counting from the edge. The thickness of 
the diffusion layer is ; 

= .... (5) 

In the case of a plate the thickness of the diffusion boundary-layer 
increases as the square root of the distance x from the edge of the plate 



Fig. I. — Dependence of 
the concentration on 
the distance from the 
electrode snrface. 
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and as the inverse square root of the velocity of the liquid. The difhision 
boundary-layer is in this case too geometrically similar to the Prandtl 

boundary-layer, only thinner by a factor of • 

In addition to forced convection we have also considered the case of 
natural convection to a vertical plate. We furthermore calculated the 
difEusion current to the surface of an electrode in the form of a plate for 
the case of turbulent flow in the hydrod3niamical boundary layer. The 
following expression u'as foxmd for the total diffusion current in a plate of 
area S at Pfi >> i : 

7twb.~C,i«.Fc„(Pr)-f J7S . . . . (G) 

The coefficient of resistance Cf depends on the velocity of flow past 
the plate, so that Jtmxi. is a complicated function of the velocity. Cf is 
first proportional to Re~i and then varies with Re logarithmically. Thus 
/tnrh. <^Pr ^ and at very great Re, /turb. is almost proportional to 
U Pr i. 

The case of turbulent flow is important above all because, in order of 
magnitude, the results obtained can be 
applied to electrodes of non-stream- 
lined form (sphere, cylindrical wire), 
and also to electrodes having a rough 
surface or angles, and to the case 
when the interior of a tube serves as 
electrode. In such conditions turbu- 
lent motion sets in comparatively 
easily in the boundary-layer and is 
the most frequent case encountered. 

It follows from the preceding results 
that although the properties of the 
boundary-layer depend on the regime 
of the motion and on the properties 
of the diffusing substance, neverthe- 
less the limiting diffusion current can 
always be represented in a standard 
form (I). 

The author and Meiman recently 
considered the more general case when 
the velocity of the electrochemical 
reaction on the electrode surface 
is comparable with the velocity of 
transport of matter to the surface, and 
also the case when the c.d. on the electrode surface is artificially kept 
constant (e.g. by introducing a large resistance, which is the same for all 
the paths of the current).* It appeared that for a given rdgimo of sticring 
and given properties of the ions the thickness of the diffusion boundary 
layer depends on the velocity of the electrochemical process or on the dis- 
tribution of potential on the electrode. This circumstance brings out 
especially clearly the conventional nature of the notion of the diffusion 
layer which merely represents a con^^nient and illustrative form of de- 
scribing the phenomenon and shows that the thickness of this layer is no 
real physical constant. 

The agreement of the theory developed by the author with experiment 
was checked in the laboratory of Prof. A. Frumkm by Kabanov and Siver 
for the case of a limiting current on a disc. The electrochemical reaction 
was the reduction of diswlved oxygen to HiOi on an amalgamated copper 
electrode. Fig. 2 shows the theoretical curve obtained with the help of 

* Levich and Meiman, Acta Physicochint. (in press). 
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Fig. 2. — Relation between density of 
li mitin g current on a revol'^g 
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Full curve — calculated from eqn. (3) 
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eqn. (3) and the experimental points. We see that there is complete 
agreement between theory and experiment. 

In the paper cited -under ref. (i), the theory was compared with pub- 
lished experimental data on limiting currents. It -was shovm there that 
the disagreement between the data of different authors relating to the 
dependence of n on the velocity, which was mentioned at the beginning 
of the present paper, is e-viden-dy to be at-tributed to -the varying degree 
of turbulence of the liquid in the different experiments. The dependence 
of the limitinp- current on -the diffusion coefficient of the ions {Jura. T)i) 


/ r -D/’ 
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experiment. It is at present impossible to make a quantitative comparison 
of the formula for the current m the case of turbulent flow in the boundarj^- 
layer with the evi sting experimental data in -view of their incompleteness. 

In addition to the above calculation of difltusion currents to the surface 
of a solid electrode we calculated "the diffusion to a liquid-liquid interface 


for a number of cases too. 

Diffusion to a liquid electrode presents electrochemical interest in con- 
nection with the existence of a tangential motion of the surface of dropping 
mercury described by Krjukova.’ This tangential motion stirs up the 
liquid and gives rise to a current on the dropping electrode which under 
suitable conditions can be comparable to, or even exceed, the current on 
a radially growing drop, as calculated by the Ilko-viS-Rideal-MacGillavry 
equation. Hence when tangential motion of the drop is possible the 
current on the drop increases. This phenomenon has been given the 
name of a polarographic maximum of -the second kind. 

Convective diffusion to a liquid interface differs fundamentally from 
the discussed case of diffusion to a solid surface. This difference results 
from the change in the hydrodynamical conditions : at a liquid interface 
the tangential component of -the velocity remains continuous and does not 
vanish as it does at a solid -wall. Due to this, the conditions of stirring are 
much more favourable, and the current is greater than at a solid sui^e. 

A calculation of -the current to the surface of the drop pelds the follow- 
ing expression for the total current J on the drop : ® 


7 = 



where V is the velocity of the liquid at the surface of the drop and a the 
radius of the drop. This theory rests on the assumption that the interface 
is completely mobile, which is not so in the presence of a double electrical 
layer or of a layer of adsorbed molecules. In this case a number of new 
phenomena appear which, however, cannot be treated here (effect of a 
double-layer on the mobility of a liquid-liquid interface),® influence of 
surface-active substances.^® 

The above investigations were undertaken at the suggestion of Prof. 
A. Frumkin. In -the course of the work the author had valuable discussions 
-with Prof. A. Frumkin and Prof. L. Landau, to whom he e-xpresses his 
sincere gratitude. 


Rteum^. 

On consid^ la -vitesse h laquelle des corps (ions on molecules) s'ap- 
prochent d'une Electrode, la rlaction ^ectrochnnique & la surface de 
Tdl^±rode 4 tant r^ard 4 e comme un cas particulier de I'influence de 

’ Krjiiko-va, J. Physic. Chem. {Russ.), 1946, ao, 1179 ; Acta Physicochitn, 
(in press). 

* Levich, Acta Physicochim. (in press). 

• Fru mkin and Levich, ibid., X945, 30, 769 ; 1946, ai, 193. 

>0 Frumkin and Levich (in press). 



B. LEVICH 


43 

facteurs hydrod3aiaiiiiques sur la vitesso des reactions h6t6rog6ncs aux 
interfaces. Le traitement suppose qu’il n’y a pas de survollage notable 
et que la solution contient un exc6s d’un Electrolyte neutre. On donne 
la solution des Equations qui se rapportent aux deux convections, nalurdle 
et forcEe, vers difiErents types d’Electrodes et on compare la thEorio avec 
les donnEes expErimentales connues. 

Zusammenfassung . 

Unter der Annahme, dass die elektrochcmischc Reaktion an dcr 
ElektrodenoberMche als ein besonderer Fall des Einflusses von hydro- 
d3mamischen Faktoren auf die Geschwindigkeit von lieterogenen Keak- 
tionen an Phasengrenzflachen betrachtet werden kann, wurde die Ge- 
schwindigkeit, mit der sich Materie (lonen oder Molekiile) der Elektrode 
nShem kann, theoretisch untersucht. Es wird dabei weiters angenommen, 
dass keine Uberspannung vorhanden ist und dass die Losung iib^^biissigen 
Neutralelektrolyt enthalt. Die Glcichungen werden /Ur natiirlichc und 
Zwangskonvektion zu verschiedenen Elektroden gcldst und die Thcaric 
mit in der literatur befindHchen experimentellen Daten verglichen. 

Institute of Physical Chemistry, 

Academy of Sciences of the U.S.S.R., 

Moscow. 

GENERAL DISCUSSION 

Dr. A, K. Holliday {Liverpool) said : In the paper of Grimley and Mott, 
reference is made to the experimental work of Julien, who found a negative 
{-potential at the surface of capillaries of fused AgBr, in the presence of 
appreciable concentrations of Ag+ ions. Julien also found that AgBr, 
freshly precipitated in the presence of excess AgNO„ has a positive {- 
potential, which decreases with time and becomes negative after a few 
hours; thus the precipitated AgBr must undergo ageing before it can 
acquire the negative potential required by the theory of Grimley and 
Mott. For colloidal AgBr, determinations of the electrophoretic moJiility 
of the particles which I have made indicate that a well-aged and dial5^d 
AgBr sol acquires immediately an appreciable positive charge when AgNO, 
is added ; for example, o-oi m. AgNO, gives a value of { not less than 
--45 mv. Moreover. AgBr particles, in the presence of a saturated solu- 
tion of AgBr only, have a {-potential of practically zero, as against the 
y^ue of - 40 mv. given by Grimley and Mott. Clearly the assumption 
that the {-potential of AgBr is always negative does not hold for the 
colloid^ state, though it may be true for macroscopic crystals. Tlie 
immediate appearance of a positive charge when AgNO, is added to an 
imtiaUy neutr^ AgBr sol seems to preclude any possibility that tlio charge 
c^ arise within the solid phase (e.g. by an increase of the concentration 
of intersti^ Ag+ ions inside the lattice). The conventional explanation 
tuBit Ag*^ ions are adsorbed, at the sur&ce of the AgBr, is discounted by 
Gnmiey and Mott, and I should like to know if they have any suggestion 
to make regarding the means by which AgBr particles do acquire a positive 
charge m the presence of an excess of Ag+ ions. 

Mr. G. A. M^oweU (Lw«»^ooZ) said: (i) With regard to the results 
]ust quoted by Holliday I should like to point out that Julien * found 
that though ^e negative charge on capillaries of fused AgBr was not 
reversed by silver nitrate, reversal was obtained when capillaries coated 
^th colloidal AgBr were used. Similar results were observed by Kruyt. 
He has shown that while the {-potential of crushed barytes {as calculated 

p (Utrecht. 1933), see Butler, ElectrocapiUarity (Mbthuon, 1939), 

• Kruyt and Ruyssen, Proc. Acad. Wetenschappen Amsterdam, 1934, 37r 62^. 
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from electroendosmosis experiments) is always negative and is not re- 
versed by BaQt, the £-potential of precipitated BaS04 is positive in the 
presence of BaCl|. It seems, therefore, that the £-potential of a hetero- 
polar surface depends on the origin of the material. It may be that the 
theory outlined by Mott and Grimley applies to fairly largo and reasonably 
perfect crystals but not to particles of colloidal dimensions. 

(2) There has been considerable * discussion amongst colloid chemists 
as to the correct value of D, the dielectric constant of water, to use in 
calculations involving Poisson's equation and I should like to know if 
Professor Mott or Mr. Gnmley would care to make any remarks about this. 

Prof. N. K. Adam {Southampton) said : If the silver hialido surface is always 
negatively charged, even in presence of an excess of silver ions over halide 
in the solution, we shall have to find another explanation of the action of 
fluorescent indicators, whose coloured anions are generally supposed to 
become adsorbed when an excess of silver ions in solution ch^ges the 
surface positively. 

Dr. J. A. V. Butler {London) said ; There is another aspect of con- 
centration polarisation. It is well known that it frequently happens 
that the substance concerned in the electrode process becomes so reduced 
in concentration that the potential must change until an alternative pro- 
cess can occur. The time at which this happens, the transition time, 
can be varied enormously by varying the current and is proportional to 
either iji or i/i* accor^g to the circumstances.® The calculation of 
transition times when they are so short that a uniform diffusion layer 
can hardly be established is a very difficult problem and I should like to 
ask Dr, Agar if his calculations would be applicable to these circumstances. 

Dr. J. N Agar. {Cambridge) {communicated ) : Proportionality between 
the transition time, t, and i/»* follows from the well-known treatment 
of diffusion at an electrode duo originally to Sand.® This treatment 
assumes that there is no convection, but the results should be applicable 
to moving liquids provided t ■< 8*/Z>, where 8 is the thickness of the dif- 
fusion layer and D the diffusion coefficient. Under these conditions the 
concentration changes occurring during the interval r are restricted to 
a tbin zone of nearly stationary liquid in contact with the electrode, and 
supply of solute by convection should be negligible. The i/i* law is, 
in fact, commonly observed when t is small. 

There does n^ seem to be any satisfactory explanation of the linear 
relation between i and i/r found at higher values of t. The problem has 
been discussed recently by Levich,^ for the case of a disc rotating at a 
steady speed. I do not think that dimensional methods would give much 
help. 

Dr. J. Weiss {Newcastle) {communicated ) : In a paper which is in the 
press I have attempted to give an exact treatment of certain cases of moss 
transfer in heterogenous systems under conditions of (i) laminar flow, 
(ii) turbulent flow. Although a number of simplifying assumptions had 
to be introduced to malce the mathematical treatment possible the results 
obtained show a close resemblance to certain empiric^ and dimensional 
equations. 

Dr. W. F. Berg lyi^ealdstone) {communicated) : This note is to draw 
attention to an experimental method for studying concentration dis- 
tributions. due to Mr. T. R. Scott, then of I.C.I. Alkali Div., Ltd., which 
allows a close study of two-dimensional diffusion problems. Such studies 
seem to be called for in electrode chemistry, since there is much specula- 
tion and little detailed knowledge on the concentration distribution of 

s Bideal, Surface Chemistry (Cambiidro, 1926). 

* Lewis, Trans. Faraday Soc., 1932, ao, 597. 

® BufLex and Armstrong, ibid., 1934, 30, 1173 : 1938, 34, 806 ; Proc. Roy. 
Soc. A, 1933, 139, 406- 

® Sand, Phil. Mag., 1900, i, 45. 

’ Levich, Acta physicochim., 1944. 19, 133. 
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ions. An example of the method is shown in Fig. i.® The growing 
crystal with its surrounding supersaturated solution is held between two 
heavily surface-silvered optical flats. The system is placed on a micro- 
scope stage and illuminated with “ parallel " light from a very small 
source of monochromatic light. The resulting fringes would be straight 
if the concentration of the solution were constant ; the deflection of the 
fringes allnwH the concentration distribution to be worked out. The 
method would seem to be directly applicable to electrode problems, 
provided that the silver layers on the flats can be insulated from the 
electrolyte. This should be possible, for example, by evaporating a thin 
silica layer on top of the silver surface. 

Dr. A. F. H. Ward {Manchest&r) (communicated) : In connection with 
the papers of J. N. Agar and J. E. B. Randles which involve a considera- 
tion of diffusion to an electrode, it may be useful to draw attention to a 
recent rigorous treatment of this aspect of diffusion.® If the solute diffuses, 
from a constant concentration in bulk, to an interface such as an electrode, 
the differential equation of diffusion is easily soluble for the simple case 
when the concentration equals zero at the surface and may also be soluble 
if the variation of surface concentration with time can be expressed 
analytically. The new treatment allows the amount of diffusion to be 
calculated when the concentration at the surface varies with time in any 
maimer whatsoever, provided that values of sur&ce concentration arc 
known at \'arious times. An expression is derived which is amenable 
to graphical evaluation. 

Dr. B. Ershler (Moscow) (communicated) : I should like to make a few 
remarks concerning the interesting paper of Randles. 

Formulae (i6), (17), (18) derived by Randles axe identical with formula 
(2) in my paper and the derivation are identical too. The value i?t in 
(18) is equal to r in (2). By comparing Randles' formulae with (2) one 
^ould bear in mind that (16), (17), {18) give the resistance of the electrode 
without the double-layer and (2) the conductance of the electrode with 
the double-layer. Therefore by comparing (17) and (2) it is necessary to 
substitute C in (2) by C— Cj from formula (i) of my paper, and to calculate 
the resistance of the scheme consisting of the capacitance C — Cj_, and 

the conductance 17 connected in parallel. 

It should be mentioned that a theory of the behaviour of an electrode 
under applied alternating voltage in which the resistances due to con- 
centration polarisation and to retarded electrode reaction are taken in 
series, was first developed by Frumkin, Dolin and Ershler for the case 
of a reversible platinum hydrogen electrode. The formulae derived in 
this paper were somewhat more complicated since in thi« case there are 
two stages of the electrode reaction itself, the dischargo of the H+ ion 
and the formation of the H, molecule. 

It is interesting to note that the influence of tiic nature of the anions 
present in the solutions on the kinetics of the cation discharge found by 
Randles can be explained on the basis of FTumkin's correction of the 
theory of retarded discharge according to which the rate of the cation 
discharge should increase with increasing negative i-iiotential values.^ 
The latter as is known from electrocapil^ry data actually increases in 
the series 

NO,- < Cl- < Br- < CNS- < T". 

For the case of the H+ ion discharge such an influence of the aninn was 
already demonstrated experimentally.** 

® From Proe. Roy. Soc. A, 1938, 164, 79, 

® Ward and Tordai, J. Chetn. Physics, 1946, 14, 453. 

** This vol., p. 269. “ Pkysicochim., 1940, 13, 793. 

*® Fnii nkig , Z, Physik. Chetn. A, 1933, 164, 121. 

** Jofa, Kabanov, Kuc hinaki , and O^tyeJsov, Acta Physicochim., 1939, 10, 317. 
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Dr. J. H. Baxendale {Leeds) {commitnicated) : When introducing his 
interesting paper on the kinetics of rapid electrode reactions, Mr. Randles 
said that further ivork on the temperature dependence of the rate constant 
k had led to the evaluation of activation energies for the reactions. In 
the experiments reported in the paper the conditions are such that the 
rate constants of fonrard and reverse reactions are equal and presumably 
this applies also to the experiments at higher temperatures. Thus the 
activation energy measured is apparently that for both the forward and 
the reverse reactions. But unless the reactions axe thermoncutral these 
cannot be equal, and it appears that the measured activation energy is 
not in fact the true activation energy. It does involve the heat of the 
electrode reaction as can be seen from the foUowmg. 

As stated in the paper the rate constants measured are those for the 
electrode at the equilibrium potential. Using the kinetic picture of elec- 
trode reactions we have that, if the electrode is at some potential E 
ndth respect to the solution the rate constant for the forward reaction 

I- + «e Jl/(Hg) . . . . (i) 

is given by = Ai exp. {Qa + ctE)jRT and for the back reaction 
kj_ = Aj^ exp, (Qi — (i — a.)E)jRT where Qi and Qa are the acti\'ation 
energies for the reactions when the electrode is at the same potential as 
the solution, and aE is the extent to which an applied potential E aftects 
the activation energ}’ of the forward reaction. Now when ki = Aj, 
E is the equilibrium potential of the electrode, so that the measured rate 
constants are functions of the equilibrium potential. Tlius the tem- 
perature dependence of Aj is given hy 


d log A, Qt d{nFEIT 

d(i/T) ^ R R d(i/r) 


We have for the temperature dependence of the electrode potential 

UnFBIT) 

d(i/r) 

where H{= Qa — Q^) applies to the forward reaction (i) so that the 
observed £lcti^’ation energy Q is given by 


0 = 0 ,— oAH = (I — a) 0 , - 1 - 01 

and it can easily be seen that the temperature dependence of A, leads to 
the same value. It therefore seems t^t it is not possible to obtain 0 i 
and 0a from the observed activation energy without a knowledge of a. 

Mr. J. £. B. Randles {Birmingham) {commiimcated) ; Breyer and 
Gutmann derive an expression for the ‘'Dynamic Resistance" and 
" Dynamic Capacitance ” of an electrode on the implicit assumption that 
the expression relating current to electrode potential for a steady state 
of the diffusion layer determines the current changes due to an alternating 
potential of the electrode. It has been pointed out by Ershler and by 
myself in papers contributed to this Discussion (with reference to an 
^rlier publication “ by Breyer and Gutmann) that this assumption is 
inadmissible for alternating potentials of ordinary frequencies since no 
steady state of the diffusion layer is attained. Tlus wiU certainly be the 
case, as stated by Ershler, at all frequencies down to a few c.p.s. It may 
be worth while to mention that this criticism is supported by the obvious 
non-correspondence of Breyer and Gutmann's theoretical results with 
exj^riment. For instance in their paper expression (4) for Rp makes 
it independent of frequency which is not true in practice, should be 


u Glasstone, Laidler and Eyring, Theory of Rate Processes. 

“ T 7 iis vol., p. iq. 

“ Breyer and Gutmann, Trans. Faraday Soc., 1946, 4a, 645. 
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proportional to which is not shown by expressions (i6) and (17), 

and the statement (p. 25) that ** in an ideal perfectly reversible reaction 
there appears no dynamic resistance ’’ is untrue and is not even in agree- 
ment with their expression (4). Elaboration is unnecessary except to 
remark that the significance of the agreement between experimental and 
calculated results (Table I) is lessened by the presence of the arbitrarj’- 
quantity ” d” in the latter. 

In reply to the useful point made by Dr. Baxendale, I feel it necessary to 
raise an objection to his implied definition of the " true activation energy " 
as that wUch exists when the electrical potentials of the electrode and 
solution are the same, since this state of equal potential cannot be satis- 
factorily determined or thermodynamically defined. At the equilibrium 
potential used experimentally the activation energies of both forward and 
reverse electrode reactions are equal, apart from any small difierence due 
to difierence in the frequency factors and A^. These activation energies 
are equal to Baxendale’s expression Q = (i — oc)6s + f^Qi £Lnd since it is 
impossible at present to known Qi and Qt precisely wo must be content 
with determining Q. 

Dr. J. O’M. Bockrls {London) {communicated) : The f undam ental 
equations (i) and (8) of Breyer and Gutmann's paper appear to the 
present author to be quite inapplicable to the dynamic analysis needed for 
reactions in a.c. fields. The equations given are valid for steady states only. 

Dr. B. Breyer and Dr. F. Gutmann {Sydney) {communicated ) : Ershler 
and Randles “ raised objections as to iSie applicability of the reversible 
electrode equation to processes involving superimposed alternating 
potentials. Ershler states that the general applicability of the equations 
derived by the present authors is “ questionable, in so far as they have 
been derived from the assumption that at each value of the potential, 
arising on a.c. charging, a current flows through the electrode equal in 
strength to the steady state current at this potential. . . . Only on very 
violent stirring of the solution and at very low a.c. frequencies can the 
relations obtained by Breyer and Gutmann be valid.” Randles states 
that ” That equation refers to what is, in efiect, a steady state of the 
diffusion layer, and is not applicable to the alternating current process.” 

In the last analysis, Ershler's and Randles’ objections centre on the 
questions, (i) whether the electrode process itself, involving the supply 
or uptake of an electron by the electrode, is sufl&ciently fast to allow the 
application of the reversible electrode equation and (2) whether the dif- 
fusion equilibrium would not be disturbed to such an extent as to demand 
the introduction of some corrections to that equation. It is obvious that 
of the two processes the second will be the slower. 

Randles' own derivations indicate that the ionic distribution round 
the electrode ca» follow the changes in instantaneous potential at the low 
frequencies considered. He assumes that the impressed alternating 
potential will lead to a harmonic variation in the concentrations of the 
ions facing the electrode, with a frequency equal to that of the a.c. and 
with a constant phase angle relative therrto. Randles' experimental 
results are in accord with the derivations obtained under these assumptions, 
which therefore can be accepted as justified. 

It seems to the present authors, however, that the question raised is 
important enough to warrant closer investigation. It has to be proved 
that an ion under the influence of a potential gradient such as exists near 
the electrode, due to the alternating component of the field, moves fast 
enough in order to re-establish diffusion equilibrium within J of an alter- 
nating cycle. 

The mobility of, say, Cd ions is approx. 5 x lo-* cm. /sec. for unity 
field, i.e. for a gradient of i v./cm. Nearly the whole of the applied 
potential appears across the electric double layer formed by the ions facing 

” Ershler, this vol, p. 45. is Randles, this vol., p. 46. 
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the electrode. This is especially true in the presence of a supporting electro- 
lyte. The bulk of the solution is substantially equipotenl^. It is gener- 
ally assumed that the electrochemical processes talu place vnlhin a space 
of a few lomc diameters in thickness. From the author's results, however, 
it follows that the iomc concentration differs markedly from that in the 
bulk of the solution within a layer always less than 4-5 X xo-* cm. thick- 
ness. Assuming this latter value, whi^ is the least favourable for the 
present deliberation, and an r.m.s. value of the superimposed alternating 
potential of 45 mv., as used by the authors, gives an average fiold of about 
lo* v./cm. Under this field, an ion will attain an average velocity of 
approx. 5 cm. /sec. At a frequency of 50 c.p.s. therefore, an ion wiU be 
able to cover a distance of approx. 2-5 x io~“ cm. This distance is about 
20,000 times the thickness of the layer, wherein the electrochemical process 
makes itself felt. 

TTiere is also direct experimental evidence justifying the application 
of the reversible electrode equation to the a.c. processes under consider- 
ation. Matheson and Nichols adopted tiie cathode-ray tube to 
polarography. They hnearly increased the potential applied to the 
electrode from zero to — 2*4 v. ivithin x/6oth of a second at a repetition- 
rate of 30 per sec. Synchronising the dropping rate of the capillary to 
the repetition-rate yidds cuirent-voltage curves exactly in concordance 
to those obtained iu ordinary polarography, on the screen of the cathode- 
ray tube. These authors also come to the conclusion that " these par- 
ticular electrode reactions require not more than a few thousandths of a 
second to attain a steady state.” This is in conformity to the present 
authors’ considerations as outlined above. It should be pointed out, 
moreover, that the rate of change of potential in Matheson and Nichols' 
case is 144 v./sec., whereas in the present authors' case I dfi/d< [ =<uF sincof, 
i.e. a highest rate of 20 v./sec. The mean rate of change will be only 
127 v./sec. There can be little doubt, therefore, as to the applicability 
of the reversible electrode equation to the reactions considered. 

Referring to Prof. Frump’s remark *• as to the lack of a connection 
between the anomalous trend on his capacity curves and the Tnavima 
observed and calculated by the authors, it is desired to state that they 
accept his point of view. 

Dr. B. Ershler {Moscow) {communicated ) ; As it was shown by Frumlrin •* 
the electrocapiUary zero point can be determined by measuring the capacity 
of the electrode in dilute electrolyte solutions, the zero point corresponding 
to the minimum capacity. The minimum capacity values determined 
experimentally in the case of a mercury dectrode (7-8 y»F./cm.* in a oooi n. 
solution) are somewhat larger than the theoretic^ \u.lucs calculated from 
Stem's theory.** Thus the minimum value 575 fiF./cm.* found by Breyer 
and Gutmann, although it agrees with the theoretical value calculated by 
Frumkin and Vorsina is almost certainly too low. 

Dr. B. Breyer and Dr. F. Gutmann {Sydney), {communicated) ; In a 
communication to this Discussion Randles first reiterates his objection 
to our treatment of electrode reactions in alternating fields on the as- 
sumption that the reaction would be too slow to allow attainment of an 
equilibrium state at the frequency employed (50 c./sec.). We have shown 
in a communication to this (Hussion (which probably had not been printed 
at the time Randles wrote hJs comment) from theoretical considerations 
as wen as from experimental evidence that this objection cannot be 
maintained. 

^ Bie]^ and Gutmann. ihis vol., p. 24. 

* Matheson and Nichols, Trans. Amer. Electrochem. Soc., 1938, 73, 193. 

“ l&>ltbjoS and Xingane, Potarography (New York, 1941), p. 236. 

*• Frgmkin., ibis vol., p. 57. 

•• Trans, Parade^ Soc., 1940, 36, 124. 

** Voxsma and Fxuxnkin., Compt. Rend., U.R.S.S., 1939, 24. 915. 
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In his second comment, Randles states that our theoretical results 
are not in accord with his experimental evidence, since our theory would 
make the dynamic resistance i?^) independent of frequency, which is not 
true in prance. We wish to point out that Randles has expressed his 
results in terms of an equivalent series circuit while we have treated our 
case m terms of a parallel arrangement of the d3niamic resistance and the 
dyi^mic capacitance. If our parallel circuit is transformed into the 
series arrangement employed by Randles, then by virtue of the well-known 
transformation equation ; 

p 

‘ I + 

(where is the equivalent series resistance and Rjj and Cj) the d5ntiamic 
resistance and capacitance, respectively), the resulting equivalent 
d3mamic series resistance Rg becomes a function of frequency. 

Randles furthCTmore criticises our treatment because it yields an 
expression for the dynamic capacitance which is not proportional to 
l/ Vco, as required by Randles* work. In reply to this we wish to point 
out that the reactions studied by Randles and those treated by ourselves, 
while closely related, are by no means identical. 

Our theorj^ is based upon the continuous passage of direct current. 
In Randles’ experiments there is no direct current present. Therefore 
the averse flux of diffusing substance integrated over a whole cycle will 
be zero in Randles' case, while having a finite value in the processes which 
we are consider]^. For zero direct current our theory is inapphcable 
by its very derivation from the assumption of a steady current flow, 
exactly ^ Randles' theory is inapplicable to our case in view of his basic 
assumption of the absence of a d.c. component. If, in Randles' eqn. (i), 
a steady term were superimposed upon the alternating one, hia solution 
of tlm diffusion equation would no longer apply. In Randles’ case the flux 
of diffusing substance is exclusively determined by the alternating current 
flow. Its average is zero and the reaction rate is governed by the in- 
stantaneous alternating potential. In our case, due to the passage of a 
direct current, the rate of the reaction will be decisively dependent on 
the rate of d iff u si on to the dropping-meremy electrode from tho bulk of 
the Solution (Ilkovic equation). In other words, in the presence of d.c. 
the charge density in the proximity of the electrode is primarily governed 
by the steady cuirent flow and, therefore, less dependent on frequency 
than in Randles’ case. 

As to Randles' criticism of our statement, that " in an ideal perfectly 
reversible reaction there appears no dynamic resistance," we desire to 
poiiit out that any energy expended in tho resistive part of an impedance 
obviously represents an irreversible loss in contradistinction to that part 
of the OTergy which is electrostatically stored in the ionic fleld and whi ch 
^ves rise to the dynamic capacitance. Our statement referred to an 
idealised el^trode without resistance, a system which certainly cannot 
be realised in our ph}racal world. In any real experiment the resistance 
effects have to be considered, as has been done in our eqn. (4) and in the 
reactions studied by Randles in his eqn. (16). 

Our quantity d, which Randles considers arbitrary, has in the mean- 
been given what we t h i nk a rather firm theoretical foundation as the 
^c kn ess of the " active space " whereia the electrode process occurs. 
^ treatment giving a mathematical derivation, based upon the 

Debye equation has now been completed by us with the view to publication 
at an early date. 



II. HYDROGEN OVERVOLTAGE. 

A CONSIDERATION OF THE MECHANISMS OF 
ELECTRODEPOSITION REACTIONS AND 
OVERVOLTAGE. 

By a. L. Ferguson 
Received ^th February, 1947 

Work on the basic question as to the mechanism of electrode reactions 
was started in the Electrochemistry Laboratory of the University of 
Michigan in 1920 and has been continued intermittently to the present 
time. During this period hundreds of oscillograms have been made, 
dozens of tables of recorded data and curves of various types prepared. 
To cover this material in the space of 3000 words means confining the paper 
mostly to general statements, summary remarks and conclusions. 

When one stops to think seriously about the various phenomena which 
take place at the electrode electrolyte interface as current is drawn from a 
voltaic cell or forced to pass through an electrol3duc cell, one is confronted 
with several very puzzhag questions for which no completely satisfactory 
answers have been given. Some have to do with the simple matter of 
establishment of a definite potential difference between dectrode and 
solution. These and many more are involved when current is passed 
either anodically or cathodicaUy through the electrode-electrolyte interface. 
In all such cases polarisation appears. One of the most interesting and 
most studied yet least satis&ctorily answered, is just what does the addi- 
tional potential commonly called overvoltage do. The following are some 
of the more basic problems stiU unsolved. 

1. When a material capable of forming ions is placed in a solution 
contaiaing some of its ions, a more or less definite potential is almost 
immedial^y established. What are the various forces involved and what 
are the mechamsms by which they operate ? 

2. It is possible to remove electrons from a metal by several methods. 
Work is involved commonly called " work function ”. When a positive 
ion is discharged at a cathode, an electron must be removed from Ihe elec- 
trode. What is the relation between " work function ” and electrode 
potential and overvoltage ? 

3. In some manner and at some place the electrons and ions must get 
together at the cathode, and separate at the anode. Docs the electron jump 
through space at the electrode-electrolyte interfece ? 

4. The discharged metal ion becomes a metal atom. These metal atoms 
are later found located in their proper places in the crystal structure of the 
deposit. The ions are brought up to the vicinity of the cathode by the 
potential field in the solution ; the metal atoms are directed to their proper 
places in the cathode by so-called crystallising forces. Do these cr3^3tallising 
forces act only upon the discharged atoms or may they act upon the ion 
before discharge, and what are the relative magnitudes of these forces ? 

5. Many substances adhere more or less firmly to the sur&ce of a metal, 
the force involved is commonly called, for convenience, “adhesion". 
What part does the force of ** adhesion ” play in ion discharge and over- 
voltage ? 

6. There is much strong evidence that ions are hydrated. What effect 
does the energy of hydration have upon electrode potential and over- 
voltage ? 

7. There are various solvents in which electrolytes may be dissolved. 
Electrodes placed in such solutions show ^irly definite potentials, and when 
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current is passed overvoltage phenomena appear. The overvoltage values 
are difierent in the different solvents. What are the mechanisms by which 
thp! solvent influences electrode potential and overvoltage ? 

8. The electron levels in different metals appear to be different. When 
two Tnp +a.1s axe arranged to form a voltaic cell, what relation does the 
difference in electron levels have to the potential of the cell ? 

Such fundamental questions as the above are of prima^ interest to the 
theoretical chemist ; but they are, also, important to industry, since a 
knowledge of the why and the how of a phenomenon usually leads to better 
control and development. This is where basic research and industry get 
together. 

In order to secure information which might assist in explanations of the 
mechanisms of electrode processes, experiments must be made in which 
they are involved. It was felt the most likely t3rpe of experiment would be 
a study of the nature of the relations between tiie growth of potential at 
an electrode immediately after the circuit is closed, and the decay of poten- 
tial immediately after the circuit is opened. Such measurements must 
be made under a variety of very carefully controlled conditions. 

At the time experimental work was started in this laboratory a serious 
controversy existed over the proper method for measuring polarisation and 
overvoltage. Those who supported the direct method, in which measure- 
ments are made while the charging current is passing through the cell, 
contended that the commutator mefiiod, in which the potential are meas- 
ured while current is not passing, must hlwajrs give too low values. Those 
who supported the commutator method contended the direct method 
must always give too high values. The low values given by the com- 
mutator method were explained as due to the observed fart that the 
polarisation potential decreased extremely rapidly immediately after the 
polarising circuit was opened ; and thus it would not be possible to measuro 
directly the total potential by the commutator method. The too-high 
values* obtained by the direct method resulted from the inclusion in the 
measurement of electrode potential, of an lit drop between the tip of the 
reference electrode and the electrode under investigation. 

It was our feeling that this matter had to be settled before polarisation 
measurements could be obtained, that would have any real value for an 
explanation of the mechanism of polarisation potential. 

Many years were devoted to tiffs problem. Several methods of attack 
were used, various pieces of eqmpment were designed, built, tested, re- 
designed, rebuilt, etc., etc. It was generally agreed by both sides of the 
controversy that the kej^ experiment would involve the discovery of a 
method which would definitely determine the presence or absence of an 
lit drop in the measurement of electrode potential by the direct method. 

It Imd been indicated in previous investigations by others and was de- 
finitely demonstrated in our own early work, tiiat the commutator-potentio- 
meter method had certain inherent sources of error which definitely could 
not be completely eliminated. It was definitely shown that the values 
obtained on charge by the commutator method as previously measured, 
were always, by the very nature of the case, higher than the discharge 
values. After this was demonstrated, the commutator-potentiometer 
method was discarded. 

It became evident that some sort of an oscillograph combined with the 
commutator or with an arrangement for making measurements by the 
direct method should give the answer to the problem. A form of oscillo- 
graph had been used for this purpose by several investigators many years 
before ; but had been discard^ because the high current required polarised 
the dectrodes being measured and thus defeated the purpose of the ex- 
periments. This difficulty was ^minated when vacuum tubes became 
available for amplification purposes. 

H. D. HoUer, of the Nationsd Bureau of Standards in 1923, was the first 
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to use this new development in connection with the moving-coil oscillo- 
graph for the study of polarisation and " transfer resistance His oscillo- 
grams showed vertical sections both at the start of charge and start of 
discharge, and thus gave strong evidence for the " transfer resistance ” 
theory and against the direct method for measurement of overvoltage. 
Newbery, who had so vigorously supported the ‘‘transfer resistance" 
theory by his work with the commutator, changed to the cathode ray 
oscillograph in 1925. New'bery states that his oscillograms “ prove con- 
clusivrfy " the existence of " transfer resistance 

Just at the time we were ready to adopt the oscillograph method, the 
Westinghouse Electric & Manufacturing Company made available the 
sensitive and supersenaitive galvanometers for their Two-Element Power 
Osiso. By means of this instrument and the proper amplifier it was possible 



Fig. I. — Palladium Anode Overvoltage Decav Curves. 


Curve. 

Poteutlal Measured. 

Group I, 
Sys. I. 

Group II, 
Sys. II. 

Group III, 
Sys. III. 

A 

Anode — anode standard 

1*842 V. 

1*864 V. 

1*873 V. 

Ai 

Anode — cathode standard 

1*909 v. 

1*991 V. 

2*044 V. 

I 

Anode standard — cathode standard 

0*068 v. 

0*126 V. 

0*171 V. 


Current density (milliatup. /cm.*) 

1*70 

3*18 

4'37 


Fig. 2. — Gold Cathode Overvoltage Decay Curves. 


Curve. 

Potential Measured. 

Group I, 
Sys. VI. 

Group II, 
SyB.V. 

Group III, 
Sys. IV. 

K 

Cathode — cathode standard . 

0*491 V. 

0*485 V. 

0*484 V. 

Ki 

Cathode — anode standard 

1*003 V. 

0*831 V. 

0*747 V. 

I 

Cathode standard — anode standard 

0*512 V. 

0*346 V. 

0*263 V. 


Current density (luUliainp./cm.*) 

i 

12*26 

8*87 

0-75 


to detect a change in potential of one mv. in o’oooi sec. A sjrstem of auto- 
matic electromagnetic controls together with several other pieces of auxiliary 
equipment made it possible to dispense with the commutator and thus its 
inherent sources of uncertainty. With this new equipment, hundreds of 
oscillographs were taken for both anode and cathode charge and discharge 
curves, for current densities between 20 lO,. and 32 ma./sq. cm. All avail- 
able materials were studied as anodes and cathodes that could be used in 
2N. H1SO4. Fig. I contains exact reproductions of two typical systems of 
decay curves together with accompanying descriptions and data. 

As pointed out above, a potent^ due to any kind of a resistance such 
as “ transfOT resistance ", should show a vertic^ drop when the circuit is 
opened ; and a true active polarisation potential should not show a vertical 
section. In all of th^ os^ograms, curve 1 represents a potential due to 
the IR drop through the solution. It will be observed to drop vertically 
in all cases. 'The Ai and Ki osdllograms contain the anode and cathode 
potentials respectively combined witii this same IR potential through the 
solution. The A and K oscillograms contain only the anode and cathode 
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potentials respectively. It ■will be observed that the A and K curves 
contain no vertical sections which means that these potentials do not 
contain any " transfer resistance The Ai and Ki oscillograms both 
contain a vertical section exactly equal to the IR drop of the I curves, 
thus demonstrating that a potential which contains a portion due to IR, does 
drop vertically by an amount equal to the IR portion before the gradual 
decay due to the true electrode potential starts. 

In all oscillograms for the various materials, both anode and cathode, 
and for all c.d.’s used (20 /ta. to 32 ma./sq. cm.), there was never a vertical 
section at the start of charge or of discharge. On the basis of this evidence, 
it ■was concluded that over this c.d. range, at least, the direct method for 
the measurement of polarisation or overvoltage does not contain any part 
due to an IR drop if properly made, and, therefore, is an accurate me^od 
for making such measurements. The way •was now clear to study inten- 
sively the ^tors that may influence overvoltage and "the manner of their 
action. In all the work that followed, the direct method "was used. Several 
series of investigations ■were carried out. The first had to do with a 
phenomenon which had been observed occasionally in the earlier experi- 
ments that the charge-current curve, at the start, overshot the final equi- 
librium value. 

These new experiments showed that this was universally true for currents 
below the decomposition potential and for some distance above. The high 
values reached became greater as the c.d. increased ; but ultimately passed 
through a maximum and became zero at 31 ma./sq. cm. It was observed, 
also, that the cathode showed a hump which, however, was much less 
pronounced and always lagged behind ^e current. 

These results may be explained if it is assumed that the back e.m.f. is 
due to material actually discharged at the electrode surface by the current 
even below the so-called decomposition potential. When the circuit is 
closed, the high initial current is to be expected since "the applied vol'tage 
is not opposed by a back potential. An excessive current must flow un^ 
a back potential is built up by the liberated material which is equal to the 
applied potential. 

A fliirly quantita-tive set of results was obtained in support of this ex- 
planation by first ajTplying a potential for about i hour or imtil a stable 
equilibrium was reached. The circuit -was opened for about ^ sec. and then 
closed. This -was done for several c.d.'s between 40 and 176 /ia./sq. cm. 
The peak current values could be determined with considerable accuracy. 
These values are really IR potentials. If it is assumed that the back 
potential decreases during -the interval 'the circuit is open, due to the 
removal of some of the active material that caused it, then the applied 
potential when 'the circuit is re-closed would be opposed by a smaller back 
potential than existed when it was opened. It was possible to calculate 
the instantaneous current 'to be expected under 'these conditions when the 
circuit -was re-closed. This, multiplied by "the known resistance, should gi've 
a 'value represen'ted by 'the maximum 'voltages in 'the I curve. These 
maximum voltages 'varied with current densities from 8*5 to 400 mv. 
The calculated and measured values agreed within 80 % at the lower range 
and approximately too % at the higher. 

This same series of experiments provided other information which sup- 
ports the explana'tion 'that the ba^ potential is due 'to active material 
actually set free at 'the electrode even below ■the so-called decomposition 
potentisd. It 'was found that the final equilibrium back poten'tial at any 
given applied potential does not change 'with length of charge interval. 
Also, the rate of decay does not depend upon the length of charge interval. 
The peak "values of "tire I curves after a definite interval an open circuit 
likewise are independent of the length of 'the pre'vious charge interval. 
In other ■words, 'these phenomena do not depend upon tha q’uanti'ty of 
electricity 'that passed into 'the electrode. The explanation lor • thifl so- 
called residual current is that it supplies 'the active material to the dectrode 
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at a rate exactly equal to the rate at which the active material disappears 
by the various possible methods. 

In the work up to this time, numerous observations indicated that the 
potentials of electrodes on charge and discharge are determined by the 
amount of active material, such as atomic hydrogen or atomic oxygen, at 
the electrode-electrolyte interface. If this is true then any factor that 
altered the rate at which the active material is removed from the interface 
should influence the electrode potential. The nc.'rt senes of experimentb 
to be desenbed was undertaken to provide information ui>on this point. 

In these experiments the electrodes were polarised by a conbtaut 
current rather than by a constant potential. Oscillograms were taken of 
the natural decay of overvoltage of a polarised catlu^e in both still and 
stirred solutions. In one set of experiments the solution was saturated 
wth hydrogen and in another, with nitrogen. Oscillograms were obtained 
for a series of current densities. 

The following conclusions based upon these experiments may be stated. 

1. The rate of decay in all cas^, even where the equilibrium starting 
potential is below the decomposition potential, is independent of the length 
of time the current passed before the circuit was opened, which is explained 
on the assumption that the current merely supplies active material at the 
same rate it disappears from the electrode-electrolyte interface. 

2. The rate of decay in all cases increases with the c.d. used to polarise 
the cathode. This is to be expected, on the basis of the proposed theory, 
since the back potential was higher for the higher charging currents, which 
in turn was due to a higher concentration of active material. This higher 
concentration would produce a greater rate of diffusion away from the 
interface. 

3. In stirred solutions the rate of decay is greater than in stiU solutions, 
which is to be expected since it j^dlitates the removal of active material 
from the interface. 

4. The stable cathode potential for a given c.d. is most negative in stiU 
solutions saturated with hydrogen and is progressively less negative in 
still solutions saturated with nitrogen, stirred solutions saturated with 
hydrogen, and stirred solutions saturated with nitrogen. In fact, in the 
la^ case, a current of i ma. could be passed iudefinitely at a cathode 
potential more positive than the actual reversible value. All of these 
observations are to be expected from the theory. 

5. In still solutions saturated with h3rdrogen the potential does not 
decay to the reversible value within sever^ minutes ; in solutions stirred 
by hydrogen, however, the potential decays to the reversible value uithin 
20 to 30 sec. This results from the more rapid remo\’al of active material 
in the latter case. 

6. The rate of decay depends upon other conditions in addition to the 
potential. These concUtions axe i^ted primarily to conditions on the 
solution side of the interface. 

7. In solutions saturated wth nitrogen, the decay curve passes right 
through the reversible value with no change in curvature whatsoever. 
Even in those cases where the stable, polarised potential is more positive 
than the reversible value, the general form of the decay curve is identical 
with that when the polarised potential is more negative than the reversible 
value. These results mean there is nothing particularly characteristic 
about the reversible value, also that the phenomena in the overvoltage 
region are in no fundamental respects different from those below the so- 
called decomposition potential or in the positive potential region. All of 
these potent&ls from the lowest to the high^ result from the atomic 
hydrogen liberated by the current and are determine by the activity of 
this atomic hydrogen and the activity of hydrogen ions in the solution, 
which latter, however, remains practically constant. The activity in its 
turn is deteimmed by the relative rate at which the atomic hydrogen is 
liberated at the electrode and the rate at which it is removed. There are 
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various ways in which it may be removed such as penetration into the 
metal, combination to form molecular hydrogen, combination with electrode 
material, but probably the most important is through diffusion into fhc 
solution at the interface and later mechanical removal into the body of the 
solution. 

In the series of experiments just described, no special attention was 
paid to the chaj::gmg process. In the next series attention was concentrated 
on the charge current-potential phenomena at platinised platinum cathodes 
in 2 N. H1SO4 in stiU and stirred solutions saturated in one case with 
hydrogen and in the dther -with nitrogen. All measurements were made 
with three to seven different electrodes and at different times. The values 
were reproducible to ± o-ooi v. In the work involving solutions saturated 
with hydrogen a constant current was used for charging rather than a 
constant potential. In the still solutions saturated with nitrogen a con- 
stant potential was also used. 

The results are summarised in Table I. 

TABLE I. — CuaRBNT-PoTENTiAi. Data for Platinised Platinum 
Electrodes in 2 n. Sulphuric Acid 


Current in 
MiUlftinp. 

Logu Cunent 
in 

Amp. X 10*. 

Stable Polarlaed Cathode Potential in Volts. 

Hydrogen Solationse 

Nitrogen Solntions. 

stm. 

Stirred. 

Still. 

Stirred. 

0*0020 

0*30 

0-000 

0*000 

“4" o*o88 

I 

-I- 0*092 

0'0054 

0*73 

0*000 

0*000 

4* 0*038 

4- 0*072 

0*0096 

0*98 

— 0*001 

0*000 

-j- 0*022 

-j- o*o6i 

0*0x96 

z*2g 

— 0*002 

0*000 

•4* 0*015 

+ 0*051 

0*0468 

1*67 

— 0*005 

0*000 

4- 0*006 

+ 0*040 

0*103 

2*01 

— 0*007 

— 0*001 

0*000 

+ 0*030 

0*132 

2*12 

— 0*008 

— 

— 0*001 

— 

0*224 

3*35 

— 0*010 

— 0*003 

— 0*005 

-f 0*021 

0*452 

2*66 

— 0*014 

— 0*005 

— 0*010 

-j- 0*012 

0*895 

2*95 

— 0*017 

— 0*009 

— 0*014 

4- 0*004 

0*911 

2*96 

— 

— 

— o*oi6 

+ 0*003 

1*30 

3*11 

— 0*019 

— 0*012 

— 0*017 

— 0*001 

3-85 

3'59 

— 0*028 

— 0*022 

— 0*027 

— 0*016 

7*73 

3-89 

— 0*035 

— 0*030 

— 0*034 

— 0*026 

9*25 

3'97 

— 

— 

— 0*037 

— 0*030 

13*5 

4*13 

— 0*043 1 

— 0*039 

— 0*042 

— 0*037 

17-5 

4*24 



— 0*047 

— 0*042 


From these results it may be seen that, for the particular 85r8tem used, 
about 10 liA. may be passed continuously through the cathode in a still 
solution saturated with hydrogen without polari^g the electrode ; in a 
stirred solution ^ amp. may be passed. In l^c still solution saturated 
with nitrogen, a slightly higher current may be used ; while the stirred 
solution required more than i ma. continuous current before polarisation 
started. Since current is passing continuously in these cases, it must be 
hydrogen ions which are being continuously discharged, in some cases at 
a potential appreciably positive to the noru^ hydrogen. This statement 
is contrary to ^e assumptions involved in several modem theories of polaris- 
ation and overvoltage. As further proof, however, it was observed that 
at 0-5 ma., bubbles of h3rdrogen formed at several points on the electrode 
and escaped into the still solution. This demonstrates that this amoimt of 
current liberates h3rdrogen continuously no matter what the surrounding 
solution. Reference to the Table, shows that in a stirred solution the 
electrode is distinctly positive to the solution while this same current 
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(0-5 ma.) is passing. If 0-5 ma. current liberates hydrogen that can be 
observed in a still solution, there is every reason to believe it does in the 
stirred solution even though the potent^ is negative in the former case 
and positive in the latter. 

These results point to the simple explanation that the discharged hydro- 
gen atoms are removed so rapidly that their concentration is not increased 
sufficiently to budd up the back potential to the value equal to that in the 
still solution. The greater the faicility for diffusion from the electrode into 
the solution, the higher is the current required to maintain a given back 
potential. Another interesting observation comes to light when the data 
in columns five and six are plotted against the corresponding log (c.d.) in 
column two. The former is not a straight Ime, but contains straight line 
sections, while the latter approximates much closer to a straight line. 
The interesting point, however, is that both have straight line sections as 
the potentials pass Jhom positive to negative values, or in other words, 
through the theoretical decomposition point. Similar observations were 
noted in some of the earlier experiments. These results mean that there 
is no more significance to be attached to the so-called normal hydrogen 
value to any other value for a hydrogen potential of a platinised 
electrode in an ion concentration of unit activity. Whatever is responsible 
for the potential at the normal hydrogen electrode is no different from that 
which is responsible for the potential on the positive or " undervoltage " 
side and on the negative or overvoltage side in the same solution. 

There are many theories in the literature to explain overvoltage. Most 
of them lead to a mathematical relation between the overvoltage and the 
corresponding current which takes the form » = ae-*^. There is an 
almost frantic attempt to include something that can be called " activa- 
tion ", also, to include the expression RT joF, and some sort of a mechanism 
that win give to a the value 0’5. One gets the impression that more effort 
is given to accomphsh these objectives than to give a comprehensible 
picture of the mechanism of the process which results in overvoltage. A 
theory is supposed to explain some phenomenon in terms of other things 
more generaUy and easily understood. Some of the modem theories of 
overvoltage contains involve assumptions and mechanisms which are 
more complex than overvoltage itself. 

The author finds it impossible to account for many of his experimental 
facts on the basis of any of the modem theories. Most of these fiicts can 
be explained, however, by, and support the theory that, the potential of 
a hydrogen dectrode is at all times and under all conditions, whether the 
value is more positive or more negative than that of the equilibrium value 
in the same solution, determined by the activity of hydrogen ions and 
hydrogen atoms at the electrode-solution interface. In other words, the 
potential is determined by the reaction H ^ H+ -4- e which is in stable equili- 
brium at aU times. At potentials more positive than the so-called rever- 
sible value, the activity of the hydrogen atoms depends upon the amount 
of electrode surface covered, and this is determined by the rate of discharge 
of hydrogen ions and the rate at which the hydrogen atoms thus formed are 
removed from the interffice by all the methods for doing this. One of the 
most important of these is by diffusion of atomic or molecular hydre^en 
into the body of the solution or the dectrode. At potentials more negative 
than the reversible value, the potential is stiU due to the activity of atomic 
hydrogen at the interffice, but much higher currents axe needed to Tnainia.iTi 
these higher activities due to the rapid escape of atomic hydrogen as 
molecular hydiog^ and by the other means. 

R^snin^. 

Les probl&mes fbndamentaux, concemant I’interffice 61 ectrode- 41 ectro- 
lyte, et encore non rdsolus, sont bri^vement n§sum6s. Les m6thodes 
pour mesurer la polarisation et le survoltage — ^m^odes du potentiomitre 
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k commutateur et de roscillographe — sont critiqu6es ; I’auteur donne 
quelques r^sultats reprdsentatifs, obtenus avec cetto demi^re m^thode 
et p^sente les principalcs conclusions qu'on en peut tirer. Aucune des 
thiories modemes n’est capable d’expliquer tons ces faits. 

Zusammenfassung . 

Die fundamentalcn noch unaufgekiarten Probleme, die mit dcr Phasen- 
grenzflacbe Elektrode-Elektrol3rt verbunden sind, wcrdcn zusammengc- 
fasst. Die Kommutator-Potentiometermethode und die Oszillograph- 
methode zur Bestimmung von Uberapannung und Polarisation werden 
kriti&ch besprochen. Typische Resultate, die mit der letzteren Methode 
erhalten wurden, werden angefiibrt und die wichtigsten daraus gezogenen 
Folgerungen dargeatellt. Viele der Tatsachen kdimen nicht mit Hilfe dor 
modemen Theorien erldfirt werden. 

University of Michigan, 

Dept, of Chemistry, 

Ann Arbor, 

Michigan, U.S.A. 


HYDROGEN OVERVOLTAGE. 

By a. Frumkin. 

Received 25th March, 1947. 

The history of electrochemical kinetics is closely bound with the 
study of the mechanism of hydrogen overvoltage. This is due both to 
the great practical importance of -tte reaction of hydrogen evolution and 
to the belief in its probable simplicity. The latter, to be true, on the 
whole has not been confirmed by experiment and to the present day we 
have no complete picture of the successive stages of this reaction. However, 
many of its characteristics can be regarded as firmly established. In the 
present paper we wish mainly to communicate some new results pertaining 
to this field, in addition to those published in several papers in recent 
years.^t », » 

(a) Proof that the Rate-determining Stage of the Reaction of 
Hydrogen Evolution on Cathodes with a High Overvoltage 
— in particular on Mercury — is the Discharge of the 
Hydrogen Ion on the Metal Surface unoccupied by Ad- 
sorbed Hydrogen. 

In this respect considerable interest attaches to a determination of 
the amount of electrochemicaUy-active substance on the electrode surface 
^m the variation of the potential with time after the current been 
interrupted. Hickling and Salt * determined potential decay curves and 
came to conclusions incompatible with the above point of view. The 
method of extiapolatLon u^ by these investigators has been criticised 
by the present author. ^ In the Karpov Institute of Physical Chemistry, 
Fedotov recently developed an osdllc^fraphic method of registering the 
potential decay curve on a mercury electrode starting from 5 x io~* sec. 

1 Fru mkin , Acta Physicochim., 1943, i8, 23. 

* Jofa and Frumkin, ibid., 1943, l8, t83. 

* Fmnfidn and Aladji^va, ibid., 1944, * 9 f i- 

* Hickling and Salt, Trans, Faraday Soc., r94i, 37, 450 ; ibid., 1942, 38, 474. 
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after breaking the circuit. The electrode capeicity can be calculated from 
.such measurements without any additional assumptions only if the over- 
voltage ij \’aries with the time according to a linear law. For this to be 
so, it is necessary that the variation of the potential be small compared 
Avith RT fF, since in this case the rate of the electrochemical reaction on 
the electrode after the current has been cut off remains practically constant 
independently of its mechanism. If these conditions are satisfied then 
the capacity of the polarised electrode can be calculated by the formula : 


U 

Av 


. (I) 


where t'o is the c.d. at the moment of breaking the current, t the time and 
At] the change in the overvoltage. If Ai; is not small compared with 
RTfF then some assumptions must be made in order to determine the 
capacity. If there is oiy one slow stage in the cathode process, then, 
independently of its nature, the state of the cathode and the rate of the 
cathode process 'wiU. be single-valued functions of the potential and hence 
the c.d. of the spontaneous discharge can be found from the value of the 
steady current at the same cathode potential. In the case of a mercury 
cathode the latter is determined by Tafel’s formula : 


i =5 e * 


where a and 6 are constants. Hence for the drop in overvoltage we obtain 
the expression : 

A, = 61n(i+^) . . . . (2) 

In applying eqn. (a) it is necessary to take into consideration the circum- 
stance that at large c.d.’s the determination of 17 can be vitiated by the 
ohmic drop of potential in the solution. A suitable correction can be 
introduced by measuring the resistance or computing it from the paths 
of the current ; this correction can be avoided if C is calculated using 
values of ijonaerrad after two difierent time intervals f and from the 
moment of the current interruption. 

Fedotov’s experiments were carried out with a comparatively large 
liquid mercury cathode and the c.d. was limited by the condition that 
the entire surface of the cathode must be unifon^y polarised. With 
i ranging from 5 x io“* to 5 x 10-® he obtained for C values, 18 to 20 
nF/cm*. In other words, even at comparatively large overvoltages the 
capacity of the double-layer retains its normal value. Thus only ions 
of the double-layer are detected on the mercury cathode, but not adsorbed 
hydrogen atoms, the appearance of which would cause a considerable 
increase in the electrode capeicity. This result is in agreement with others 
previously obtained ^ and is of fundamental importance. Indeed, at 
small coverage of the surface by adsorbed hydrogen it is possible to draw 
the unambiguous conclusion that the experimentally observed relation 
beriveen n and In t is incompatible with any other interpretation except 
that according to which the slow stage of hy^ogen evolution on mercury 
is the discharge stage. 

Several authors have advanced the hypothesis that on cathodes with 
considerable overvoltage atomic hydrogen evaporates into the solution ; 
this can be detected, e.g., by the reduction of WO, suspended in the electro- 
lyte.* In this connec^on the mechanism of iixe i^uction of WO, at 
ihe surface of a polarised electrode was recently analysed by Bagotzky 
and Jofa,* who found that reduction sets in only when the particles of 
WO, come Into immediate contact with the ^ectrode smface and spreads 
due to the electronic conductance of WO, by a mechanism similar to the 

• Koboeev and Nekraasov, 2. BUhtrochm., 1930, 36, 529. 

• Bagotzky and Jofa, Compt, rgnd., U,R.S.S., 1946, 53, 443. 
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ordinary action of local elements. Theoretical computations also show 
that free atomic hydrogen should be expected to appear only at potentials 
considerably more cathodic than can be realised under normal conditions 
of electrolysis. It would be incorrect, however, to conclude from the 
negative results of these experiments that free radicals never appear in 
the bulk of the solution in electrolytic processes. On the contrary, in 
other cases, active intermediate products probably can leave the electrode 
surface and go over into the volume, although this has not yet been proven 
experimentally. 

The most immediate result derived from the theory of slow discharge 
is the relation between c.d. and the hydrogen ion concentration in the 
surface layer (H+),. This question was again taken over in an investiga- 
tion recently carried out by Bagotzky in lie Electrochemistry Laboratory, 
Moscow University. If the rate of the over-all process is determine 
by the rate of the elementary act of discharge of H+ ions on the metal 
surface then, regardless of the mechanism of this act, there must be a 
relation : 

i = [H+yW-^^i) .... ( 3 ) 


where ^ is the cathode potential and ihe potential at the point of 
location of the centre of the hydrogen ion being discharged. Since 
according to experimental data, the extent of surface covered by hydrogen 
ions is small, then 

[H+]. = (4) 


In order to bring eqn. (3) into agreement with the experimental data 
obtained in o*i n. HCl solution, which is in many respects a most con- 
venient object for measurements, it is necessary to put 


f(^ - ipi) = exp, 


« - ^1) - 
zRT 


( 5 ) 


where a === 1*460 (at ao®). 

Substituting (4) and (5) into {3) and introducing the overvoltage 17 
instead of the potential we obtain 


zRT . jRT, 

V = a + In t -1- - — In [H+] 




Eqn. (6) was first verified experimentally by Levina and Sar insky ; ’ 
they compared the variation of ij upon the addition of LaCl, to HCl 
solution with the corresponding variation of computed according to 
Stem's theory. However, as has been shown by measurements of the 
capacity of a Hg-electrode carried out by Vorsina and Frumkin,* in the 
presence of multivalent cations the double-layer has a more complicated 
structure than can be accounted for by Stem's theory.* In Bagotzky 's 
investigation the variation of 17 \vith tire concentration of HCl and the 
addition of KCl was compared with eqn. (6). was calculated according 
to Gouy’s theory taking into account the finite radius of the ions and 
putting the capacity of the Helmholtz part of the double-layer equal to 
19 /tF/cm.*. That means that the centres of all the ions are located in 
the diffuse part of the double-layer which begins at a finite distance from 

* The suggestion of Bieyar and Gutmann * that the anomalous trend of the 
capacity curves in solutions containing multivalent cations obtained in the 
experiments of Vorsiaa and Frumkin is due to the discharge of these ions, is 
founded on misconception since the observed TnifariTTig on the curves lie at 
potentials at which the possibility of such discharge is excluded ; this was also 
verified in the experiments by magnitude of the current passing through 
the electrode. 

’’ Levina and Sarinsky, Acta Physicochim.. 1937, 7 i 4^5- 

* Vorsina and Frumkin, ibid., 1943. 18, 242. 

* Breyer and Gutmann, Trans. Faraday Soc., 1946, 4a, 654. 
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the electrode surface. This method gives for the variation of i&i ■\vith 
the concentration values which differ little from those obtained by Stem’s 
method of computation. The results of some of Bagoteky’s measurements 
are illustrated in Fig. i and 2 for a number of solutions containing HCl 

and KCl in various con- 
centrations (circles) to- 
gether with the values 
of 17 calculated from 
oqn. (6). 

It thus appears that 
if agreement between 
the theory and experi- 
ment for 0*1 N. HCl is 
obtained by suitably 
choosing a and the de- 
pendence f(^ — tpi), then 

Fig. I. — Overvoltage against c.d. curves in HCl + ^ves the owr- 

KCl, [HCl] + [KCl] =0-1 N. voltage for all other 

(1) [HQ] =3 o-i N ; solutions with great 

(2) [HQ] =» o-oi N. ; accuracy ; this proves 

(3) [HQ] =! 0*001 N. the correctness of the 

Full-line curves — computed by the formula i main assumption of the 

ij = i*40o -f 0 + 0*116 log i — 0*058 log [H'"]. tl^ry, according to 
0 — experiiti6iital points. whicb. the resLCting pax- 

tide is the hydrogen ion 

in the double-layer and the slow stage of the reaction the discharge of 
this ion. This conclusion does not depend on the theoretical interpretation 
of the dependence of » on (^ •— ifij). The agreement between the theory 
and experiment is invalidate if t!to total concentration of the solution 
exceeds 0*3 n. As appears 
from Fig. i, at constant total 
concentration of the solution 
and constant i the quantity 17 
varies with [H+] approxi- 
mately as — RT/F In [H+]. 

The range of values of [H+] 
for which the validity of this 
condusion can be proved can 
be considerably broadened if 
the potontial of the half-wave 
of the H+ ion determined 
with the dropping electrode 
is used. 

It is noteworthy that in jtio, 2. — Overvoltage against c.d. curves in 
the case of a mercury electrode o*ooi n. HQ in the presence of KCl. 

the value of the coefficient (j) [HCl] + [KQ] = o*oi n. ; 

b = RT/xF in the term con- (2) [HCl] + [KCl] = 0*1 n. ; 

taJning In t in Tafel’s equation (3) [HCl] 4 - [KQ] = 1*0 n. 

corrected for the influence of Full-line curves — computed by the formula : 
the term gives for a the ^ =» 1-760 +^i + 0*116 log » — 0*058 
value 1/2 with an accuracy log [H+]. 

up to 0*01. It must be con- 0 — e3q>erimental points, 

ceded that up to date no one 

has been able to explain why a, in this case at least, is so dose to i /z and 
remains constant over such a wide range of potentials. It appears to 
the author that since the paper by Horiuti and Polanyi.^® no con- 
siderable progress has been m^e in the inteipretation of the coefficient a. 

We thought it necessary to dwell in greater length on the verlflcation 

Hoiiuti and Polanyi. Acta PHysicoehim., 1935. a. 505. 
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of th.e conclusions follovsing from eqn. (6) since there exists a \videspread 
opinion that the reacting particle is the water molecule and not the 
hydrogen ion.^^ This concept which is confirmed in the case of hydrogen 
evolution from alkaline solutions on a Ni-electrode and probably also 
on a Hg-electrode cannot, however, be applied to acid solutions.^* 

In strong acid solutions at concentrations exceeding n , a considerable 
lowering of the overvoltage is observed as compared with the v^ue 
characteristic of dilute solutions. The data on the behaviour of solutions 
of HCl, HBr, HjSO^ and HCIO* on a Hg-electrode are summarised in a 
paper by Jofa and Frumkm.^ Jofa^" investigated concentrated acid 
solutions on a Pb-electrode and Sindjukov solutions of HjS04 and HCl 
on a Ni-electrode. The over\’oltage in HjSO* and HjPO^ on a Hg- 
electrode ivas also mvestigated by Bethune and Kimball.^’ However, 
their values for the HjSO* solutions lie considerably lower than those 
found by Jofa ; thiR we believe is due to insufiSicient care in avoiding 
contaminations in the solution and on the surface of the mercury electrode. 
As ivas shoivn by Jofa and Fm mkin ,* the lowering of the overvoltage is 
closely related to the penetration of anions into the double-lajrer in 
concentrated solutions. The latter can be detected by measuring the 
electrocapillary curves and gives rise to considerable negative ^x-potentiaLs. 
The 0x-potentials vary linearly with the Ic^arithm of the activity. Ershler 
attempted to develop a quantitative theory of the structure of the double- 
layer in concentrated acid solutions which would explain this linear 
dependence. The nature of the bond between the anions and hydrogen 
ions at the electrode sirrface in concentrated solutions cannot, however, 
be considered established, and it is possible that it is not always purely 
electrostatic. At any rate, we cannot agree with Bethune and Kimball, 
who wish to establish a direct relation between the decrease in the over- 
voltage and the appearance of undissociated acid molecules in the solution. 
The magnitude of the overvoltage drop is determined not by the bulk 
properties of the solution, but by the composition of the surface layer. 
This follows especially clearly from the fart that the overvoltage drop 
in HCIO4 and H,SOx, as well as in HCl and HBr at not too high con- 
centrations, decreases strongly with increase in the c.d. and hence, in the 
negative ctuirge of the suHace. Thus in 8 n. HCIO4 the decrease in 17 
as compared with o-i n. HCIO4, wh^ log i varies from — 5 to — i, reduces 
from 0*22 to o*o8 v. At such a total concentration of the acid the con- 
centration of undissociated HQO4 molecules, judging by the Raman effect,^* 
is still very small. In concentrated solutions of HQ the electrode potential 
affects the overvoltage drop considerably less, which perhaps indicates 
the presence of undissociated HCl molecules in the surface layer. It may 
also be that the difference in the influence of the electric field of the double 
layer is due to the different dimensions of the Cl' and CIO 4' ions. 

(b) Comparison of the Rates of the Different Stages of Hydro- 
gen Evolution on Cathodes with Low Overvoltage. 

On metals such as Pt which adsorb hydrogen well it is possible to Tnfl.lrft 
direct measurements of the rate of H+ ions, discharge.* This was effected 

** Ejiing, Glaastone and Laidler, /. Chem. Physics, 1939, 7, 2033 ; Kimball, 
Glasstone and Glassner, ibid,, 2942, 9, 91. 

“Lukovzev, Levina and FnimTrin, Acta Physicochim., 1939, n, ar ; Legran 
and Levina, ibid., 1940. ia» 243 ; Lukovzev and Levina, JT. Physic. Chem. (Ross.) 
(in press). 

** Jofa (unpublished data). ** Frumkin, Acta Physicochim., 2940, la, 481. 

Jofa, J. Physic. Chem. \Russ.), 1945, 19, 117. 

^■Sindjukov, Thesis (Mosraw University, 1947). 

Bethune and Kimball, J. Chem. Physics, 2943, 13, 33. 

18 Er s hle r, J. Physic. Chem. {Russ.), 1946, ao, 679. 

** Redlich, Chem. Rev., 1946, 39, 333. 

** Dolin and Ershler. Acta Physicochim., 1940, 13, 747 ; Rosenthal, Dolin 
and Ershler, ibid., 2946, ai, 213. 
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by means of alternating currents of various frequencies, the current in- 
tensity through the platinum electrode being chosen so that the amplitude 
of oscillation of the electrode potential about a given constant potential 
did not exceed several millivolts. Under such conditions a platinum 
electrode with an adsorbed layer of H atoms acts like an admittance com- 
posed of a capacitative and a conductance component whose magnitudes 
vary with the frequency of the current. With increasing frequency the 
hydrogen layer has no longer time to form and, as a result, the capacitative 
component of the admittance falls from a value which corresponds to 
1200-1400 nFfcm.', i.e. to the " capacity " of the equilibrium atomic 
layer (at a frequency of 1-50 c.p.s.) to a value corresponding to 30-40 
liFjcm* (at 3000 C.P.S.), i.e., to the capacity of the double-layer, which 
does not decrease with further increase of the frequency. As for the 
conductance, it increases with the frequency -tending to a limiting value 
n which, as has been shown by Dolin and Ershler,*® is connected with the 
rate of discharge of H+ ions by the simple relation : 



where Ja is the c.d. of H+ ions discharge on a platinum surface at the given 
potential under equilibrium conditions, i.e., the quantity usually termed 
exchange current. Experiments carried out by this method made it 
possible for the first time to measure directly the rate of discharge of 
ions under conditions when the formation of molecular H* from adsorbed 
H atoms was excluded. This was accomplished by carrying out the 
measurements at potentials slightly more anodic than the reversible 
hydrogen potential, when the equilibrium concentration of molecular H, 
in the liquid becomes sufidciently small. The dependence of the discharge 
rate on the concentration of H+ ions found in the case of acid solutions 
u-as in satisfactory agreement with the theory of slow discharge of H+ 
ions, i.e. the discharge rate at constant hydrogen equilibrium pressure was 
approxiinately proportional to the square root of the concentration of H'>' ions. 

With increase in the rate of the main electrochemical reaction of dis- 
charge, which occurs upon transition to cathodes with low overvoltage, 
the kinetics of the over-all reaction of H, evolution begins to be affected, 
generally speaking, by the conditions under which the subsequent stages 
proceed, such as the formation of molecular hydrogen and its removal 
from the electrode surface. The slowness of these stages is also made 
manifest by the penetration of hydrogen into the metal. In the case 
of a palladium electrode it was shown by Frumkin and AladjaJova ^ that 
the measured overvoltage is additively composed of two components : 
the first depends on the slowness of the discharge process (of a hyxlrogen 
ion or, in the case of alksJine solutions which were primarily used in their 
investigation, of a water molecule), while the second is determined by 
the reversible potential of the hydrogen absorbed on the electrode surface. 
The latter, however, is in equilibrium not with hydrogen at atmospheric 
pressure, but rather with hydrogen whose concentration is determined 
by the rate of diffusion in the solution or by the conditions of the a ^ /3 
phase transition characteristic of the system Pd — ^H. The additivity of 
the equilibrium potential of adsorbed hydrogen and the discharge over- 
voltage is characteristic of surfaces on which adsorbed hydrogen possesses 
certain properties, viz., that its fugacity is proportional to where / is 
a constant and 6 the extent of surface covered. This relation agrees 
with the results of direct measurements of the surface covering of a Pt- 
electrode as a function of the potential at anodic polarisation.** Kinetic 
relations compatible with such thermodynamic properties were deduced 
by Temkin.*® 


n FrurnTrin, Acte^h^sicochim., 1937, 7 * 475* 

« Fru Tukfai and Slygin. ibid,, 1935, 3, 781 ; 1936, 5, 819. 
*• Temkin, /. Physic. Chem. {Buss.), 1941, 15, 296. 
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According to Dolin and Ershler,** in the case of a platinum electrode 
too, the total overvoltage of H, evolution can be divided into two com- 
ponents, one determined by the discharge overvoltage, the other by the 
rate of difiusion of molecular hydrogen. The first component depends 
on the concentration approximately in accordance with the conclusions 
of the theory of slow discharge (the rate cf discharge at constant over- 
voltage in the presence of an excess of a foreign electrol)d:e is approxim- 
ately proportional to the square root of [H-*]) ; in alkaline solutions, ho^w- 
ever, the observed dependence on the concentration does not agree with 
the theory. This latter circumstance has not as yet been explained. 

As Dolin and Ershler have shown, their conclusions are confirmed by 
comparison of the rate of discharge of H+ ions measured by the method 
described above, with the rate of evolution of molecular hydrogen cor- 
rected for concentration polarisation in the solution. At first sight a 
comparison of the rate of ^scharge with the rate of gas evolution appears 
difficult since the former is measured at a potential slightly more anodic 
thflTi the reversible hydrogen potential, inasmuch as only under such 
conditions the evolution of Hj can be excluded. The comparison, how- 
ever, becomes possible due to the previously mentioned properties of 
adsorbed layers of H on Pt. At medium covering of the Pt surface by 
adsorbed hj^drogen the rate of discharge on the equilibrium electrode 
ceases to depend on the potential due to mutual compensation of the 
opposed influences of potential and change in adsorption energy on 
covering as shown by Temkin.*®* •* Such a comparison leads to the con- 
clusion that in the case of HCl solutions the rate of discharge of H+ ions 
and the total rate of evolution of axe almost the same. In other .solu- 
tions (HjSOo and especially NaOH) the rate of the first stage is greater 
than the rate of formation of molecular hydrogen; there is, however, 
a far-reaching paraUdism in the way the two processes are affected by 
a number of factors (composition and concentration of the solution, 
poisoning of the electrode). It may be that in this case during the 
evolution of molecular H, only a part of the electrode surface is utilised 
for discharge due to the limitation of the kinetics by the followin g stage 
of recombination. This question demands further investigation. 

A detailed investigation was made of the process of hydrogen evolution 
on nickel in acid and alkaline solutions.^* The overvoltage was measured 
as a fimction of the c.d. at cathodic and anodic polarisation with large 
and small c.d.'s, and as a function of the composition of the solution ; the 
variation of the potential with the time after breaking the current and 
the behaviour of tiie electrode in alternating current were also investigated. 
The material obtained is too abundant to be discussed in detail here. The 
best agreement with experiment is obtained on the basis of the following 
scheme. On the greater part of the Ni-electrode the slowest stage is 
the discharge of the hydrogen ion or, in alkaline solution, of the water 
molecule. At the same time there exists an area, compris ing but a sTnn,]i 
part of the surface, for which the rate of the process is limited by the stage 
of recombination, 

H -h H = H,. 

It must also be assumed that surfiice diffusion between the two kinds of 
areas is a slow process. With a lowering of the concentration of the acid 
or a lk a li the discharge rate at a given overvoltage decreases and, as a 
result, the reaction on the second type of areas increases in relative im- 
portance. In alkaline solutions at concentrations of alkali exceeding 
10-* N., aU the conclusions from the theory of slow discharge mnowmiTig 
the dependence of the overvoltage on 1±ie concmitration are well borne 
out ; at lower concentrations of ahrali with an excess of foreign electrolyte 
present, the overvoltage becomes nearly independent of the concentration 

** Dolin and Er s hler , Acta Physicochim., (in press). 
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when the hydrogen atoms recombination is the slowest stage. It is essen- 
tial, however, that even on the areas on which the discharge is the slowest 
stage, the rate of the following stages of removal of hydrogen atoms is 
not infinitely great compared with the discharge; as a result with an 
increase in the overvolt^e on the Ni-electrode adsorbed hydrogen ac- 
cumulates in increasing amounts. This can be detected in measurements 
of the electrode potential decay after the interruption of the polarising 
current. 

In the case of small covering of the electrode surface definite con- 
clusions regarding the reaction mechanism can be drawn from the value 
of the coefficient 6 in Tafel’s equation. This becomes difficult at large 
covering since the same value of h can correspond to different mechanisms 
dependmg on the way the surface covering affects the free energy of the 
activated complex. Horiuti and Jkusima *“ have proposed a more general 
relation which can be used to determine the reaction mechanism. Denote 

by J and J the true values of the cathodic and anodic currents. Then 
the measured current i is evidently equal to 


At i = o, J = J = where /o is the “ exchange current” under 
equilibrium conditions. 

According to Horiuti and Jkusima 
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where »» is the number of protons in the activated complex, 
from eqn. (8) that for small values of ij 


and, hence. 
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Eqn. (9) is closely related to eqn. (7). The value of can be extrapolated 

from measurements of * at higher overvoltages at which / ■< / or it can 
be directly measured by means of isotope exchange. Unpublished data 
of Levina show that both methods give close values of /q. The criterion 
(9) was used by Lukovzev and Levina to investigate the reaction mechan- 
ism in the case of a Ni-electrode in alkaline solutions. It should be 


observed that an exact determination of involves considerable 

experimental difficulties. The mean of a large number of measurements 

gives for /o values running from 27 to 15 mv. when the concentra- 

\o ty 

tion of NaOH varies from 0-3 to 3 x io“* n. in the presence of NaQ, 
which according to eqn. (9) indicates a variation of n from i to 2. For 
a platinum electrode Lolin and Ershler,** after correcting the value of tj 
for concentration polarisation, as indicated above, found in this manner 
n I. It should be observed that Horiuti and Jlmsima,** using a similar 
though not quite identical procedure found for Pt in KOH, « = 2, whence 
they conduded that the rate-determining stage of the process is the dis- 
charge of the ion on the H atom with the formation of a H| molecule. 
The cause of the disagreement is as yet not dear. 

In general, it can be considered established that for electrodes with 


** Horiuti and Jkosixoa, Proc. Imp, Acad. Tokyo, X93g, 15, 39. 
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low overvoltage, in addition to the slowness of the discharge stage, the 
slowness of the following stages of the process also begins to tell. It is 
at pr^ent still impossible, however, to establish with finality the com- 
parative quantitative values of the velocity of these stages, in particular 
to what extent the reaction H + H+ -|- « -> H, pla3rs a part simultaneously 
with the removal of hydrogen according to the mec^nism : H + H Hj.* 

(c) Influence of Oxide Films on the Hydrogen Overvoltage. 

The problem of the hydrogen overvoltage is complicated by the cir- 
cumstance that there 3 xe a number of additional factors afiecling the 
rate of hydrogen evolution. One of these is the presence of oxide films 
on the electrode surface. As was shown by Levina and Platonova 
and Kabanov and Rosenzweig the presence of oxides on a powdered 
iron electrode in alkaline solutions considerably increases the hydrogen 
overvoltage. This can be detected by measuring the potential of an iron 
electrode, preliminarily subjected to anodic oxidation, on cathodic polar- 
isation. According to Kabanov and Rosenzweig, after the reduction of 
Fe(OH), is completed the hydrogen overvoltage is reduced by 0-25 v. 
In the presence of an oxide film, too, anomalously high values of the 
coefficient b in Tafel’s equation are observed. The overvoltage in these 
experiments was computed for a constant value of the c.d. corresponding 
to the reaction of hydrogen formation. The rate of this reaction was 
determined from the volume of evolved. In this case the authors 
observed the influence of an oxide filTn which was unstable at the given 
polarisation, but which made itself frft in the considerable time needed to 
remove the film. 

As has been shown by Kolotyxkin,** the hydrogen overvoltage on a 
lead electrode changes slowly with time. For example, after passing 
from high to low values of the polarising c.d., one observes a slow increase 
in the overvoltage. It is possible that these changes in the overvoltage 
are also determined by the state of oxidation of the surface and are con- 
nected with a slow approach to a stationary state of oxidation, correspond- 
ing to the given conditions of polarisation. Due to these \’ariations of 
the overvoltage the curves of potential decay after the polarising current 
has been interrupted cross one another for currents of difierenL density. 

Under diflerent conditions the presence of oxygen on the surface 
probably leads to a decrease in the overvoltage. 


(d) Kinetics of Hydrogen Kvolution upon Spontaneous 
Dissolution of the Metal. 


From the viewpoint of practical electrochemistry special significance 
attaches to the kinetics of hydrogen evolution upon the spontaneous 
dissolution of metals. The author, and Hammett and Lorch,*® were 
appaz^tly the first to apply the laws of the kinetics of the electrochemical 
evolution of hydrogen in order to explain phenomena observed in the 
dissolution of metals. They showed that tiie proportionality between 
the rate of decomposition of sodium amalgam in buffer solutions and the 
^uare root of the concentration of sodium in the amaiga-m . discovered by 
Brbnsted and Kane»i follows directly from Tafd’s equation. In this 

• j former reaction should make the extent of surface covered by hydrogen 
m^^ndent of the polarisation at large c.d.’s." Contrary to the opinion of 
tuckling and Salt,* however, this does not give rise to a limiting overvoltage 
valne, the existence of which is not confirmed by experiment either 
!! f*latonova, J. Physic. Chem. IRuss.) (in press). 

Kabanov and Rosenzweig, ibid, (in press). 

** Kolotyrkf" 

•• Frmnldn, 

‘"Hanunet 
•iBjrtSnsted 


Z. physih. Chevtu. A, 1932, 160, 116. 
and Lorch, J. Aimr. Chem. Soc., 1932, 54, 2128, 
and Kane, tbid., ig^i, 63, 3624. 
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deduction it is assumed that the evolution of hj'-drogen and the ionisation 
of the metal are two independent electrochemical reactions related only 
by the common value of the potential of the metal surface. The notion 
of two independent electrochemical reactions on the same surface was 
widely developed by Wagner and Traud.*» In a number of investigations 
carri^ out in Moscow it was shown that the laws of hydrogen evolution 
on metal surfaces are not changed by a simultaneous dissolution of the 
metal. Tafel's equation with ordinary values of the coefficients remains 
in force even at potentials more anodic than the stationary potential of 
spontaneous dissolution. Naturally, in such cases the rate of hydrogen 
evolution cannot be computed from the current ; it was determined from 
the volume of gas evolved. The solution of lead and nickel in acids 
and of iron in alkalies was studied from this viewpoint. Apparent 
deviations from this conclusion may be noted when insufficiently pure 
metals are dissolved, due to the circumstance that the dissolution changes 
the composition of the metal surface and the magnitude of the hydrogen 
overvoltage. If the indicated relation is borne out, the potential and 
rate of spontaneous dissolution can be found from the hydrogen over- 
voltage and the anodic polarisation curve.*®* ** Special interest attaches 
to the case when the rate of ion exchange between the metal and the 
solution at equilibrium potentials is not too great compared with the 
rate of hydrogen evolution. In this case the potential of dissolution of 
the metal cannot be regarded as an equilibrium potential with respect to 
a de&nite concentration of ions in the solution. Such a case is encountered 
in the dissolution of iron and mckel in acids. 

It is usually assumed that the potential of active iron m alkalies 
saturated with Fe(OH)j which corresponds to a hydrogen overvoltage 
of 17 = 0*045 is the equilibrium potential of the system Fe, Fe(OH),, OH'. 
However, measurements of the hydrogen overvoltage and anodic polarisa- 
tion of Fe in alkaline solution led Levina and Platono\’a •* and Kabanov 
and Rosenzweig to the conclusion that this potential is in reality only 
the steady-state potential determined by the kinetics of hydrogen evolution 
and of the anodic dissolution of iron, whereas the true equilibrium potential 
of this system is several hundredths of a volt more negative. 

I shall not dwell here on the comparison of this interpretation of the 
dissolution of metals with the interpretation based on the theory of local 
elements which is usually given in the theory of corrosion ; this question 
has been discussed elsewhere.**- ®* 

It follows from the above that when the potential of dissolutiou of 
metals cannot be regarded as an equilibrium potential with respect to the 
ions in the solution it should vary when substances aliccting Ihe kinetics 
of the cathodic or anodic proc^ses are introduced into the solution. 
Kusaezov *• investigated the action of a large number of organic com- 
pounds (corrosion inhibitors] on the steady state potential of dissolution 
of iron in acids ; his findings are in agreement with the viewpoint hero 
developed. 

Alihough the discharge of hydrogen ions and the ionisation of the 
metal in the process of dissolution of a metal in aqueous systems are un- 
doubtedly as a rule statistically independent, in principle cases are possible 
when both processes occur simultaneously in one elementary act. It 
would be very interesting to draw the line between two such types of 
reactions. 

** Wagner and Traud, Z. EMtirochem., 1938, 44, 391. 

** FiroTnlriu and Kolotyrkiu. Acta Physii^ochim,, X941, 14, 469 ; Kolotyrkm 
and Fmmkin, Compt. rend., U.R.S.S,, 1941, 33, 445, 450. 

** Ffrimkin, Trans, and Meeting on Metal Corrosion (Academy of Sciences. 
1940). L . 

” Levich and Fru mkin , Acta PJ^sicochim., Z943, 18, 325. 

*• Kusnezov, J, Physic. Chem. {Russ.) (in press). 
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Conclusions. 

It nan be shown by a number of independent methods that in the 
case of hydrogen evolution on mercury from acid solutions the slowest 
stage of the reaction is the discharge of the hydrogen ion which completely 
determines the kinetics of the overall reaction. In the case of cathodes 
with low overvoltage the rate of the discharge stage can be determined 
experimentally too ; however, besides this stage the l^etics is also affected 
by the subsequent stages, such as the formation of hydrogen molecules, 
or the difEusion of molecular hydrogen in the solution. The presence of 
oxide films on the surface of metals has a marked influence on hydrogen 
over\’oltage. The hydrogen overvoltage remains unchanged when the 
anodic process and dissolution of the metal occur simultaneously thus 
making it possible from measurements of hydrogen overvoltage and anodic 
polarisation of the metal to draw conclusions regarding tho steady-state 
potential and the rate of dissolution of the metal. 

R68UII16. 

On montre, par diverses m4thodes ind^pendantes, que I'^tape la plus 
lente dans le d6gagement de I'hydrogfene, sur le mercure h partir de 
solutions acides, est la d^charge des ions hydrog^ne et ced d6termine com- 
pl^ement la cindtique de la reaction d’ensemble. Avee des cathodes 
k faible survoltage, la dnddque est alors aflect^e par la formation suivante 
de mol6cides d'h 3 ^drogtoe ou par la difihiaions de Thydrog^ne mol^culaire 
dans la solution. On discute comment des films d'ox^es influencent 
le survoltage d’hydrog^e et on montre comment, dans certaines conditions, 
les mesures de ce survoltage et de la polarisation anodique du m6tal 
permettent de tirer des conclusions, en ce qui conceme le potentiel de 
l'6tat stationnaire et la vitesse de di^lution du mdtal. 

ZusammenfasBung . 

Eine Reihe von voneinander unabhSngigen Methoden haben ergeben, 
dass die Entladung der Wasserstoffionen die langsamste Stufo der Wasser- 
stof^bscheidung von SilurelSsxmgen an Queck^ber ist und die Kinetik 
der Gesamtrea^on vflllig bestimmt. Bei Kathoden mit kleincr tJber- 
spannung wird die Kine^ auch durch die darauflolgende Wasserstoff- 
molekflll^dung Oder Diffusion des molekularen Wasserstof^ in der Ldsung 
beeinflusst. Die Wirkung von OxydfiJmen auf die Wasserstoffiiber- 
spannung wild besprochen und es wird gezeigt, auf welcbe Woise, unter 
gewissen Umstfinden, Messtmgen der Wasserstoffiiberspannung und der 
anodischen Polarisation des Metalls zu Scblussfolgcrungen fiber das Glcich- 
gewichtspotential und die Auflfisungsgeschwindigkeit dos Metalls fflhren 
kdnnen. 
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SOME ELECTRON TRANSFER PROCESSES IN 
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TRODEPOSITION OF HYDROGEN. 

By J. Weiss. 

Received 26th March, 1947. 

I. 

The irreversible formation of hydrogen in electrolysis is governed by 
Tafel's equation which relates the overpotential (7) on the cathode to 
the current density [i) and is given by : ^ 

ij = a + 6 log i 

where a and b are constants. The constant & is of particular interest 
as it can assume the same value for a number of different electrodes. In 
general, the value of b depends on the nature of the electrode surface 
and one can divide electrodes roughly into two groups, (i) Electrodes 
of high adsorptive power showing low overvoltage (as, for instance, 
platinised platinum and palladium) with b values of 0'05 to o-o8 ev. (at 
room temperature), (ii) Electrodes of relatively low adsorptive power 
such as Hg, Ni, Ag, Cu exhibiting relatively high overvoltage with 6 values 
of about 0*1 1 ev. (at room temperature). Lead (in acetate solution) and 
tantalum in sulphuric acid show exceptionally high overvoltage with 
6-values of about o-a ev. 

The modem theory of overvoltage which is due mainly to Volmer and 
Erdey-Gruz * and Gurney * is based on the assumption that the rate- 
determining process is the neutralisation of the hydrogen ions on the 
cathode and not the recombination of the hydrogen atoms as was assumed 
previously by Tafel, which would give a theoretical 6-value of ^ 2'^RTjF 
(=a 0*029 ev. at 20® c.). The pxesmit state of the theory is not enthredy 
satisfactory as a number of arbitrary assumptions are still necessary to 
explain the 6-values obtained under different conditions. 

It is of great importance that the hydrogen atoms (formed by the 
electron transfer) primarily appear in the adsorbed state on the surface 
of the electrode. The gain of '^e adsorption energy of the H atoms is of 
decisive importance from the en^getic point of view and thus only 
hydrogen ions (adsorbed) on the cathode surhice can be discharged, which 
follows from considerations analogous to the Franck-Condon principle. 


II. 

It is known, particularly from Tamm’s work,* that according to quantum 
mechanics the surface of a crystal (metal) provides additional allowed 
energy levels for the electrons. The number of these surface electronic 
levda is proportional to the number of sur^e atoms (including those of 
cracks and crevices). On the other hand even relativdy slight chemical 
changes of the dectrode surface can also provide additional surhice energy 
levels for the dectrons. These chemical changes of the dectrode surfoce 
apart from impurities and changes due to the solvent are primarily due to 
the hydrogen formed. The surface dectronic levels are thus dosdy 
connected with the physical and chemical state of the surface. 

cf. Glassfatiiifi, Text-booh of Physical Chemistry (London. 1940). 

• Volmer and Eidey-Gmz, Z. physih. Chem., A, 1930, 150, 203. 

• Gurney, Prat. Soc. A, 193a, 134, 137. 
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It is at once clear that the rfectrons coming from the interior of the 
metal must pass through the surface (i.e. through the surface levels) before 
eventually reaching the hydrogen ions adsorbed on the electrode. These 
surface electronic levels must therefore be of considerable importance 
for the course of processes of this kind. 

The electrolytic formation of molecular hydrogen can then be described 
by the foUoiving reactions (s denotes the unoccupied and s~ the occupied 
surface electronic states) : 

hi ^ 

electron (from interior) + s s~ + hole . . (1) 

s~ + HjOi|gurr . *' s . . . H + HjO * . . . (2) 

Vt (ulBoibed 
state) 

2S . . . H -in*. H, + (3) 

This scheme includes a variety of possible kinetic equations. We shall 
confine ourselves to the discussion of two important (limiting) cases which 
will illustrate the importance of the surface el^tronic levels. The following 
notations indicate the electronic enoi^es along a line perpendicular to the 
surface of the electrode with respect to an dectron outside the metal (in 
vacuum). 

X, work function of the electrode metal, 

V (= Vf + 7 f), total potential difference at the electrode, 

( Vf, reversible potential ; overpotential), 

Ig, ionisation energy of hydrogen atom, 

Ws+, hydration energy of the proton, 

AA, aidsorption energy of a hydrogen atom on the surface of the elec- 
trode (more exactly the difference between the adsorption energy 
of hydrogen atoms and hydrogen ions), 

i, (mean) binding energy of the electrons in the surface electronic 
levels. 

Case i. 

This represents the case of electrodes generally of low overvoltage 
where the discharged hydrogen atoms are strongl}’’ adsorbed and which 
corresponds to the relative low electronic level (h) of depth Ai (on account 
of the relatively large positive value of Ai.^). In this case it is to be 
expect^ that the surface electronic levels lie higher than the electronic 
levds in the adsorbed H atom. However, the electrons must first pass 
through the surface electronic levels after which the hydrogen ions can 
be neutralised. This corre.sponds to the reactions (1) and (2) in the forward 
direction. Bearing in mind that for instance the electronic transition (i) 

(X •V-ii) 

is governed by the factor e Sr ^ one obtaius for the stationary 
state from eqn. (i), (2) and (3) : 

d(s-) ^ - Si) 

e KT _ *,(5-)[H30+].urf = 0 . . (4) 

( 5 -)[HaO+ 3 B„f - 2h,{s . . . H)« = o . (5) 

which 5rialds : (F, electrochemical equivalent ; i, current density) 

dfH.l 4 te «y gi) _ 

- = *ie Sf = e S' (6) 

* This can be replaced by 5“ 4- HjO ^ * s . . . H OH“ under certain 

conditions. 
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taking the logarithm and after rearranging : 

r=(r,+ ,)=?:^log-^F + ”-^logi . . (7) 

and 

* "" dfe = °*°58 ev., 20 “ c.) . . (7«) 

Thus in this case a = i. 


Case ii. 


This represents the case of electrodes of high overvoltage, i.e. where 
the H atoms axe only weakly adsorbed {A^A small) and which corresponds 
to the higher electronic level A*. If the surface levels are lower than the 
electronic levels (A) the reaction is represented by the transitions (i), 
(i') and (2) corresponding to the equilibrium (i) and reaction (2). 

For the stationary state one obtains as before : 

j = ^ • • • (8) 

The concentration of (s“) can be calculated easily assuming that the 
equilibrium (i) is practically always established (i.e. A'l (holes) > A,[H, 0 +].«f 
Thus one obtains : 



(X f») 

fcT 


( 9 ) 


where A\' repi'esents the entropy term and the number of electrons 
in the lower band. As No >► (s~), one obtains from eqn. (9) : 

(X gJ 

is-) ^ VNoif/ e 5 Rf . . . (10) 

Introducmg this into eqn. (8) this yields : 

i (z_M EL 

P = A, [H,0+],urrv'NoAi'e aftr .essBX . . . (n) 

Taking the logarithm and after rearrangement : 

V = (T% + T?) = const. + 2 ?'^^ log* . . (iia) 

and 

h = ■ . == 2 --^ — (= 0'ii6 ev. at 20“ c.) . . (116) 

d log » F ' ' ' ' 

and o = 0*5. 

It is clear that A-\nlues greater than these can be understood in a 
similar way. These occur wi^ those metals (Pb, Ta) where the electrode 
surface is more obviously chemically changed. It is reasonable to suppose 
that in those cases more than one type of surface electronic levels is present. 

When in addition to the surface levels s there are also surface levels Si 
(situated between s and A) one may have additional transitions correspond- 
ing to the equations : 

s- -b Si sr - 1 - s . . . . (12) 

followed by : 

Si“ - 1 - H, 0 +| ads 5 . . . H H ,0 . . (12a) 

* (a) To^y and Eyring, Nature, 1934, I 33 i >92 ; (b) Topley and Eyring, 
J. Chetn. Pwstcs, 1934, 3 , 217 ; (c) Weiss, Naiurtoiss., 1935, »3, 64 ; (d) Butler, 
jRroc. Roy. Soc. A, 1936. I 57 i 423. 

*(o) T amm, Ph^ih. Z. Soviet Union, 1932, i, 722; (6) Shockley, Physic. 
Reo., 1939, 56, 317 ; (c) Pollard, ibid., 1939, 324. 

* cf. Fowler, SiaHsticai Mechanics, xud ed. (Cambridge, 1936), p. 397. 
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If it can be assumed that equilibrium (12) is piactically established it 
can easily be shoivn that this mechanism could lead in the first ap- 
proximation to a 6'i*alue of 4^ ^ ^ ~) ~ ° ~ ^'^ 5 )- 


Added in Proof. 

The following special case is of considerable importance if the surface is 
covered -with hydrogen atoms. In thi.s case s and s- in the above equa- 
tions are replac^ by (s . . . H) and (s . . . H ■) and the discharge reaction 
takes the form : 


5 ... H- -I- H,0+|,„f :± H, -f. HjO + 5 . . (2O 

which corresponds to the "electrochemical (recombination) mechanism". 

2 jT 

This leads to a value of 6 = ^ ■ (= 0-029 ev. at 20“) as in the original 

F 


Tafel theory. 

Similarly, if apart from equilibrium (i), equilibrium (2) also can be 
regarded as practically fully established (which is only to be expected 
in the case of very low overvoltage) the recombination of the hydrogen 
atoms becomes the time-determining process. 


R6sum6. 

Le d 4 veloppement de la thdorie de la d 4 charge a 4 t 4 poursuivi en 
tenant compte des niveaux 41 ectroniques de T^lectrode et en examinant 
le transfert d’un proton de I’^tet hydrate aux 4 tats adsorb^s en surface 
k la cathode. Des niveaux 41 ectroniques de surface peuvent fetr© foumis 
par des impuret 4 s, par des charges chimiques port 4 es par le solvant ou 
par des atomes hydrogine adsorbs. Dans ce dernier cas, le m^canisme 
de d 4 chaige est identique k celui d’une recorabiuaison filectrochimique 
lente. On discute une s6rie de cas hmites, qui conduisent k des valeurs-a 
d6finies entre 0-25 et 2, tandis qu’un traitement plus pouss 4 des Equations 
pour r 4 tat stationnaire peut mener k toute valeur comprise entro ces 
deux extremes. 

Zusammenfassung . 

Die Entladungstheorie ist weiter entwickelt wordon durch Mil- 
berucksichtigung der ElektronenzustSnde der Elcktrode und durch 
Untcrsuchung des Ubergan^ eines Protons vom hydratierten Zustand 
zum Zustand der Adsorption an der Kathode. Energiezustande fttr 
Elektronen an^ der OberflSche kdnnen durch Verunreinigungen, durch 
das Ldsungsmittcl hervorgerufene chemische Vcrftnderungen oder ad- 
sorbierte WasserstofEatome ergeben werden. Im letzteren Fall ist der 
Mechamsmus der Entladung mit dem der langsamen elektrochemischen 
Wiedervereinigung identisch. Eine Reihe von GrenzfSllen, die zu a- 
Werten zwischen 0-25 und 2 fiihren, werden bcsprochen, v^rend eine 
ausfiihrlichere Auaarbeitung der Gleichungen fiir den station^en Zustand 
zu alien daz»vischenliegenden Werten ftihren kann, 

Universiiy of Durham, 

King's College, 

Neweastle-upon-Tyns, i. 



THE THEORY OF OVERVOLTAGE. 

By Ren4 Audubert. 

Received in French 21st April, 1947, iranslated by G. E. Gardam. 

The mechanism of the discharge of ions on a metallic electrode is 
without doubt very complex, but recent work ^ has provided data which 
now allow the int* rpretation in a satia&,ctory maimer of a large number of 
experimental facts and give to these researches a new orientation which is 
full of possibilities. 

Like chemical reactions, electrochemical processes require an activation 
energy ; but the reaction of which the electrodes are the site during the 
phenomenon of discharge of ions cannot be treated by the ordinary kinetic 
laws ; the speed of the reaction at the electri^de is influenced by the 
electric field. If one designates by V, the difference of potential between 
the electrode and the portions of the electrolyte which are adjacent to it, 
by e the electronic charge and by z the valency of the ion, then the char- 
acteristic activation energy w of the process considered mu^ be diminished 
by a term azeV where a is an energy transfer factor less than miity. 


Theory of Discharge. 

The ions in solution are generally hydrated. In these conditions, the 
discharge must be accompanied by deh3;dration of the ion. In the case 



Fio. I. Fig. 2. 

of a monovalent cation, for example, the process may perhaps be repre- 
sented by : 

MJa + e — »- M. 

The heat of deh3rdration of ions is often considerable (e.g. of H+=25o kcal.) ; 
it may therefore be supposed that the major part of the activation ener^ 
is represented by the work of dehydration. Applying Boltzmann's 
principle, the current density is given to a first approximation by 

w—etFV 

I = h\M+le .... (I) 

where (M+), denotes the activity of the ion in the layers imjnediatd.y 

I Volmer and Eidey-GiAz, Z. phynh. Ckem., 1930, 150, 203. Gumey, Proc. 
Roy. Soc.A, J931. I 34 t 137 - Audubert, /. Physi^ Rad., 1942, 3, 8r. Audubert, 
J. Chim. Physique, 1924, ai, 351. Audubert and Comnevin, ibid,, 1941, 38, 46. 
Atidubert and Quiutin, ibid., 1942, 39, 92. Audubert and Verdier, Compt. rend., 
1941,213, 870. Bonnetnay, ibid., 1946. aaa, 793 ; 1946, 223, 76. Prumtnn, Acta 
Pkydcochim,, 1943,18, 23 ; 1940, 12, 481. 
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^jacent to the electrode. But if the inverse processes of ionisation are 
taken into account, one has 

u—aF V io'+/3FF 

/ = A[M+],e' BT - A'[MJ . . (2) 

whOTe (M) is the activity of the atoms, u/ the activation energy of the ion- 
^tion proc^ and ^ iiie corresponthng transfer coeflBLcient. Neglecting 
s^nd tem of this equation, one therefore obtains the empirical 

formula (F = a + 61og J) which is only verified as is knowiC in a 
certain region of over- 
voltage and best for the 
least oxidisable elements 
(Cu, Hg, Ag, Au) : the 
weak ionisation process 
of these metals plays, 
however, an important 
part with omdisable 
elements such as Na, 

K, Mg, Al, Zn, etc. 

It is logical to admit 
that in many cases t he 
speed of discharge is 
smaller than that of the 
pass^ e of the atom to a 
crystalline state (metallic 
deposits) or to a mole- 
culai state (H+, OH-, 

N,- Q" etc .) ; in these 

condMoM the ^ncentration or the activity of the atomic phase varies little 
aa auction of the overvoltage and remains sensibly equal to the value at 
the ttemodynainic equilibrium. Applying therefore the conditions of 
^^mm (/ eqn. (2), where 7. designates the potential of the 



PottnM m vtlH. Normal co/omt! raftronco atecfroelo . 
Fig. 3 . 


!?. »vyr (»+^-i 

/ = A[M+],e Ka'e«rLi_e'' bt J 


(3) 



Neglectingtheelectro- 
lepresents th^ncentraSm 
S tte d^SSde ^ona of the Hquid and V the potential 

of Theory.— Eqn. (3) may be submitted to the control 

oi expeam^t. Thus, if one plote as abscisssB the values of overvoltaffo 
corr^ponding values of log I, a curve is 
of which the general shape is represented in Fig. 1 . The linear portion AB 
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corresponds to Tafel's equation, the slope of this part allo^ 
minatioiL of the traxisfer coefl&cient ot ; its point of contact with the vertic 

axis gives the value of e ; finally, the deviation between the produced 
portion and the curved portion obtained experimental^ for low over- 

voltages gives for each point the value of the term e bt -^at is to say, 

in the last analysis, of p 

The discharge of a number 
of ions, (H+, CO+^ 00+*", Cu'’, 
Hg4++, Hg++, Po+'-++, 0 H-, 
Nj", and the anodic polarisation 
of Ta, Mg, Al, Si) has thus been 
studied. These experiments 
liave been made with different 
salts at several concentrations 
and several temperatures. 

From these researches the 
following conclusions may be 
drawn. 

I. In the case of discharge 
of anions, eqn. (3) applies ; in 
all cases the values of a and 
P are less than unity as required 
by the theorj’’. Fig, 2, 3 and 
4, which relate respectively to 
the overvoltage of Ns' and of 

OH*, show that the function y ~ varies exactly linearly with 

the potential of tiie electrode as required by the theory. Fig. 5, 6 and 7 
represent the curves for the overvoltage of the same ions. Two linear 
portions may be dis tinguished, to which correspond two values of the 
transfer coefficient, «. 




The numerical results are given in Table Ia. 

Fig. 8 rentes to the anodic polarisation of Al, Ta and Mg ; one can 
verify on thft cmrves in Fig. 5, 6, 7 and 8 that the calculated points fall 
very exactly on the experimental crurves. 

2. As regards cathodic phenomena several cases may be considered. 
If the cathode is a solid metal or a two-phase amalgam, the theory only 
correctly app’iea for concentrations above 1/3 n. ; {a + P) < i. For 
weaker concentrations, oc -I- j? is found to be grea^ than unity ; the values 
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of a being always smaller than unity. It transpires further that the 
((X 4“ 

function y = - — — does not vary linearly in the whole range of 

overvoltage as the theory 
requires ; it shows a 
" curving-in *' for small 
overvoltages. 

The sum of these facts 
leads to the supposition 
that the term correspond- 
ing to the ionisation 
process is not correctly 
expressed. 

3. In the case of mer- 
cury and of a one-phase 
amalgam, eqn. (3) is, how- 
ever, verified equally well 
for concentrated as for 
dilute solutions. 


£lectr6l3^. 

Tempera- 
ture ®c. 

A. 

tx + fi. 

y** 


Vo 

NaOH ; i n. 

57-0 

0*124 

Anodic P 
0*664 

olarisaiion. 

—0*05 

—0*617 

-4.89 


41'0 

0*120 

0*636 

-0*30 

—0*584 

- 4*04 


21-0 

o*ii8 

0*457 

-0*60 

-0*531 

- 4*99 

NaOH ; o-ooi x 

1-4 

0*115 

0*349 

-o-q; 

— o*4t>o 

— 5*o6 

56-5 

0*063 

0*300 

0*20 

— 

— 


20*0 

0*035 

0*246 

—0*26 

— 

— 

NaNj; in. 

57-0 

0*135 

0*313 

0 * 3*1 

I *108 

-7*67 


42*0 

0*142 

0*363 

— o*o8 

1*050 

—8*00 


20-0 

0*129 

0*350 

—0*64 

o*y ()5 

-8*36 


IN 

0*117 


-I- 3 J 5 

0*882 

-8*8 


TABLE iR. 



Fig. 7. 

TABLE lA. 



Bloctrolyto. 

«+/». 

Vi- 


Cathodic Polarliation. 

NiSOj ; r N. 

^5 

0*0527 


05 

0*212 

NiCl, ; j N. 

^5 

O'OqO 


05 

0*2T2 

Cod, ; I N. 

0*05 % boric 
acid 

t 

0*2«)0 

75 

0*407 

CoCla ; 1 N. 

50 

0*426 

C0SO4 : T N. 

75 

I 

0*405 

0*221 


20 

0*241 

C0SO4 ; I N. 

0*5 % boric 

75 

0*250 

i 

0*232 

20 

0*220 

acid. 

50 

0*2.50 


These conclusions means that, in certain cases, the structure of the 
electrode its^ may play an important role in the mechanism of the dis- 
charge. It is difficult to define this structure-factor, it will be seen later 
how the form of curves of potential energy allows the interpretation of 
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this influence ; but one may already visualise this action, of the role of 
the active centres in the process of discharge, a role which has been indicatCKl 
by certain authors and principally by Haissinsky.* 

Be this as it may, it must fuilher be remarl^d that in the conditions 
where the theoty is applicable, the values of a + i5 found experimentally 
are often considerably smaller than unity. Now the identification of 

eqn. (3) for J = o with 

the thermodynamic ex- 
pression of thepotential, 
postulates essentially 
that a + /J = 1. We 
will find later the ex- 
planation of this flict. 

Determination of the 
Activation Energies. 

The influence of 
temperature on the 
behaviour of the over- 
voltage curves ofleis a 
way of determining the 
pj-* relative values of activa- 

tion energies. Neglect- 
ing the ionisation pro- 
cesses, we have 

lcgT = log.[M.]_i + ^ + ^’ • • (4) 

Writing for the ordinate of the point where the linear part cuts the 
ordinate axis, we have 

r. = logAlM+]-i + ^ . . . (5) 

TABLE II 



, MaOH. 
hOOM 

Activalian anaryy. 

fVjooo 


wtall 

Jorge 

small 

-/•o 

\ 

sJofit. 

■ -0*30 

s/ep* 


\ ^ 

\ ^ 

\ 

-t-s 

\ -s-o 

\ -0-4S 


y-ji- 


\ 

\ 

-2 

V 

\^0 

\ 


f/j- 3 'SHto~^ S'CX/a’* J-SX/ 0 ~^ J'OXftT* S-i 


Fig. 9. 


Ion. 

SdLntkm. 


»l. 

N, 

OH 

NaN,; r n. 

12700 cal. 

5800 cal. 

NaOH ; i n. 

8300 „ 

3800 „ 

UH 

NaOH ; o-ooi n. 

3100 •• 



Co++ 

CoCl, ; r N, 

14250 .. 



Co++ 

C0SO4 ; I N. 

14300 „ 



Co++ 

C0SO4 ; I N, -f 0-003 N. HjSOj 

14200 „ 

— 

Amalgam i-phaia. 




Cu++ 

Cu(NO,),; various con- 
centrations 

5200 „ 

— 

Hg,++ 

Nitrate solution ; various 
concentrations 

12000 „ 

— 

Hg++ 

Nitrate solution; various 
concentrations 

5820 „ 



Thus it loUowB, that if one plots as abadssa ifT and as ordinate the cor- 
responding valura of y = y, — — y" , one has, even as experiment demon- 
strates, straight lines of which the slope permits calculation of w. The 
* Ha i s sinsk y, J. Ckim. Physique, 1946, 43, 21. 
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values given, in. the table have been obtained taking the value 0*54 v. for 
the Hg,Clj-normal KCl reference electrode used. 



Potential -energy Curves. 

The deeper significance of the transmission factors of kinetic energy 
is difi&cult to define. But one may, by generalising the considerations 
given by Polanyi,® con- 
nect them with the 
potential-energy curves 
of the ion. We shall see 
that the form of these 
curves, furnishes a ra- 
tional explanation of the 
experimental facts which 
have appeared. 

In Fig. II, curve 1, 
the distance of the ion M 
(unsolvated) from the 
dectrode is plotted as 
abscissa and the poten- 
tial energy of the com- 
bination of the de- 
hydrated ion with the 
nietal M of the electrode 
as ordinate; the abscissa 
of the minimum value of 
this curve gives the 
stable position of the 
system. There is reason 
to think, being given 

that the ion finds itself in this state and incorporated in the superficial layer 
of the crystalline lattice of the metal, that dg is very small ; in these con- 
ditions, one may admit that 
the corresponding potmitial 
is identified with the potential 
of the electrode. 

Curve II relates to the varia- 
tion of the potential energy of 
the hydrated ion, M+ aq. 

In the absence of over- 
voltage, the energy path of tine 
process of discharge is thus 
shown as BBe, AAg,' the re- 
levant activation energy is w. 
Under the infiuenco of an over- 
voltage Tf, the curve is displaced 
by translatiou a distance BoBo' 
= tjt, where « is the electronic 
charge, the activation energy 
then becoming w". By assum- 
ing that in the region between 
the points A and A', the curves 
remain approximately linear 
and parallel, it is easy to show 
by elementary geometrical considerations that 

tv' = a/ — € 7 i(i — fi) with It <1. 

In these conditions, one thus again finds the equation w' w — cttn 



j Distance from electrode. 


Fig. II. 


• Polanyi, Acta Physicochini., 1935, a, 505. 
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where a is < i and independent of the overvoltage. This is a result 
which experiment in general confrms. 

But as Bonnemay has remarked, it is more rational to consider from 
this point of view the more general problem of the relative positions and 
form of the potential energy curves. Without seeking a complete solution, 
interesting results are. however, obtained, as we sh^l show, which inter- 
pret the experimental results better th^ the previous considerations, 
which are only approximate. 

Curves I, II and III of Fig. 12 correspond respectivdy to an unhydrated 
on, a hydrated ion and finally to the latter in the case where overvoltage 
s present. 

Consider a very small overvoltage IJ = Curve III is deduced 
from curve II by simple translation ; I thus becomes I'. If we now take 
two co-ordinate axes of origin I, the curve III cuts the axis ly at J such 
that IJ = erj. By reason of the fact that etj is very small I'J and II' 
may be treated as straight lines. The straight line II' is thus represented 
hy y = ax and the line I'J by y = + *17, a = f{x)j and 6 = ^{x)^ being 




Fig. 12. Fig. 13. 

the slope of the energy-distance curves at the point I. The ordinate of 

the point I' is thus Ty = — from which one concludes : 

I 

a 



1 I 

a a 


These two latter equations permit us therefore to see in a precise 
manner, how the coefficients a and jS vary as a function of the slope of 
the two curves from their point of intersection, slopes which depend closely 
on the respective forms and positions of the potential energy curves. 
Thus, for example, when the curve for discharge of a hydrated ion occupies 
the position TV, the slope is very s’ight ; -*• o and thus a -»■ o. 

The activation energy of the process of discharge of the ion is then 
in the neighbourhood of zero ; all ions having access to the electrode are 
discharged, the curve log I = /(i;) then shows an abrupt diversion as one 
observes for high overvoltage in certain cases (H+, for example). 

In ^ort, the constant (a -I- j3) observed experimentalty, in an extended 
rmige of overvoltage and in many cases will be correlated to the practically 
line^ form of the curves of potential energy in this same range. Perhaps 
this is the place to interpret the second slope of a, steeper than the first. 
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and observed in certain experiments as connected with the steepness of 
curve II towards IV. But then if one so attains the position FV, the 
activation energy will not tend to be constant in this last range where it 
will tend to approach zero. But when the second slope of a is well defined 
as well as the second activation energy, one may attribute this fact to the 
existence of a different process of discharge (secondary reaction, alteration 
of the surface of the electrode, etc.). Be this as it may these considerations 
permit the elucidation of the mechanism of ionisation, and thus furnish 
the explanation of the very small values of a + jB often found. 

In a general manner, if one considers the two systems, hydrated ions — 
metal, and unhydrated ions — ^metaJ, all variations of energy from one to 
the other may be depicted by a displacement of the correspondii^ curve 
along the potential axis ; the magnitude of the displacement being pro- 
portional to the variation of energy considered. Supposing that curve II 
remains fixed (e.g. at constant current density) the lower that curve I is 
the lower will be the energy of discharge. The discharge thus occurs hy 
preference on the areas of the cathode for which curve I is lowest, as a con- 
sequence of the heterogenify (always possible) of the electrode. 

If now under the same conations we examine the ionisation energy, 
v/, we see that the higher is curve I the lower is this quantity. Ionisa- 
tion therefore occurs by preference on the regions of the electrode which cor- 
respond to the highest position of curve I. In other words the energy course 
followed by the discharge will be different from that followed at iho time 
of ionisation (Fig. 13 ). 

It results from t^ that the experimental calculation (coefficient of 
transfer appropriate at the time of the process of discharge) h^ to be made 
at the stari of the slopes I and II on I, whilst that of |8 must be made at 
the commencement of the same heights on J ' ; but /3 j < since 
and f'j < fj. It therefore results aj 4- j9'/ < «/ + as aj -f- = 1 , 

a/ H- /5'j < I. These considerations thus well explain the reasons why 
one finds, as experiment indeed confirms, that in numerous cases the 
sum of the coefficients of transfer experimentally measured is less than 
unity. 

Cionclusions. — A careful examination of the potential-energy curves 
allows of a better comprehension of the physical meaning of too results 
obtained in toe experimental study of the phenomena of overvoltage. 
In its most general form the problem of the discharge of ions on an electrc^o 
naay be aixived at in the following manner.* Considering toe curve of 
toe sy^em, unhydrated ion-electrode, for which the minimum energy is 
comprised between E and E -f dE, the number of these combinations is 
4>(E)dE, ^(E) designating toe function of distribution. In an analogous 
manner, by considering the curve of the sjTStem, hydrated ion -electrode, 
for which the minimum energy is comprised between E' and E' -f- dE* the 
number of tliese combinations is p(E*)dE* ; ^(E*) being the function of 
distribution. Each centre of discharge being con^tuted by the total of 
energy passages of the tsvo curves, their number is then equal to 
<P(E) . ^(E')dE . dE'. The activation energy which corresponds to one 
of these passages is 

Wi = Wq — a(E* — E). a < I. 

Under these conditions the number of ions which discharge is 

tD« - a(B — B) 

he RT 

But taMag account of the overvoltage te; = *e»i — olFt] the discheirge 
current of the assembly of all the ions is 

foc roc Wo a[B' - JB) - 

Fdisc&arre = A J 0 Jo <P(E)^fr(E') 6 ^ dE . dE*. . (7) 

* Bonnemay, Compt. rend., TO46, 323, 76. 
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At the same time the ionisatioii current is 

roo roo <gt+ — J) 4- pFri 

Iion = k']o ]o 9 {E)fl,{E')e dE.dE'. . (8) 

The total current is therefore 

I = JdiBobftrge ”• Tlon • • • • (q) 

This general expression simplihes itself when one assumes that a and J3 
are independent of the rdative positions of the potential energy curves ; 
in this case the sole variable is then the overvoltage and one obtains 
eqn. (3) given at the beginning of this paper, viz., 

oFri fiFt} 

I==^e5T_Be 

A and B representing the double sums of eqn. (g). 

In summary, these experimental results, as w^ as considerations based 
on the respective positions of the potential energy curves suggests that 
the theory of overWtage is verified by supposing that a and may not 
be constant over all the range of tiie overvoltage. In a number of other 
experimental cases, experiment shows that a and p may be considered 
as independent of rj. Finally it is necessary in the case of discharges on 
a solid metallic electrode to niake allowance for the existence of a structural 
factor. 


R6sum6. 

Le m6canisme de la d^chaige d^ ions sur les Electrodes est souvent fort 
complexe, mais en faisant intervenir TEnergie d'activation des ions dans 
la cinEtique de TElectrolyse et en tenant compte des processus d'ionisation 
des produits de la dEcharge on obtient une relation reprEsentant la vari- 
ation de rintensitE en fonction du potentiel qui est vErifiEe par rexpErience 
dans un trEs grand domaine du potoitiel. 

La thEorie ainsi dEveloppEe permet de dEterminer les Energies d'activa- 
tion des diSErents processus ; ^e rEvEle en outre le mEcanisme complexe 
de toute dEcharge. 

En constmisant des courbes d’Energie potentieille de I'ion, par rapport 
h TElectrode, on apporte des donnEes supplEmentaires h la cozmaissance 
de ce mEca^me et c'est ainsi quo ces courbes mettent en Evidence le 
r 61 e des centres acti& et foumiss^t des dormEes interprEtant les cas oh 
la thEorie EXEmentaire de TEnergie d'activation ne semble pas entiErement 
satisfaite. 


Zusammen&ssimg . 

Der Mechanismus der Abscheidung von lonen an Elektroden ist oft 
sehr komplex, aber weim die Aktivierungsenergien der lonen in der 
Kinatik der Elektrolyse sowie die lonisiemngsvorgfinge der Abscheidungs- 
produkte berticksichtigt warden, erhSlt man eine Relation, die die Verfinde- 
mng der Stromdicbte als Funlrtion des Potentials ausdruckt und die ftir 
ein grosses Potentialbereich experimentelle Bestfitigung findet. Die 
entwickelte Theorie gestattet die Bestimmung der Aktivierungsenergien 
der vezschiedenen Vorggnge und enthullt auch den komplexen Mechanismus 
des ganzen Abscheidungsvorgangs. Bei der Konstruktion der potentiellen 
Energiekurven der lonen mit Bezug auf die Elektrode warden die zus&tz- 
lichm Daten, die fiber den Mechanismus bekannt sind, benfitzt und auf 
diese Weise geben die Kurven Information fiber die RoUe der aktiven 
Zentren und liefem Daten zur Erldfirung der FfiUe, wo die einfafiTiA Theorie 
der Aktivierungsenergie nicht ganz befriedigend zu sein scheint. 



THE INTERPRETATION OF OVERPOTENTIAL 
MEASUREMENTS. 

By J. N. Agak. 

Received L\th March, 1947. 

The rate of an electrode reaction depends on a variable — ^Ihe electrode 
potential — ^that does not appear in other branches of chemical kinetics. 
But this fact does not justify the tendency, apparent in much of the 
published work on electrode reactions, to study only the relation between 
current and potential and to neglect other variables. By analogy with 
ordinary chemical kinetics, one might suppose that the investigation of 
the influence of temperature and of concentration of reactants and of 
neutred salts would prove valuable, and it is regrettable that so little 
attention has been paid to these factors in experimental work on activation 
overpotential. ^ 

An attempt is made in this note to indicate tlie kind of informatioa 
which can be obtained from measurements of the temperature coefficient 
of oveipotential, and from observations of the influence of concentration 
of reactants and neutral salts. 


The Influence of Temp^ature on Overpotential. 


(1) The Heat of Activation. — Two different techniques may be used 
to study the kinetics of electrode reactions at varying temperatures, 

I. The overpotential, 1;, at any temperature T is measured against a 
reversible electrode at the same tempeiature T. 

II. The potential, V, of the working electrode at the variable temperature 
T is measured against a standard electrode kept at a fixed temperature, 
T g. Some uncertainty is introduced into the results by thermo-^ectric 
potentials arising in the tube connecting the cell at temperature T to 
the standard electrode at To, 

Two slightly different heats of activation, Ei and iin, corresponding to 
the two methods of measurement, may be defined : 



D In _ Eh 
~W) r~ 


where t is the current density. In general, both ijj and fe'n depend on 
the potential. 

Since 


d In i 
"dT" 


/Zhii\ /b In i\ dr; 

‘dT • 


(3) 


the temperature coefficient of overpotential at constant current density is : • 


UtJ( rt^/\ i-n )t 

and if the relation between In i and ^ is written in the form : 


(4) 


In i = In *0 + 


a.Fi\ 

'W 


* Bowden and Agar, Ann. RoportSt 1938, 35, go. 
Trains. Faraday Soc., 1945, 41, 64. 
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. ( 5 ) 
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we have 

2 In i\ 

2 ij J T 

/2 In i\ aF 

\ Tv Jt ~ RT 

. (6) 

and hence 



By a similar argument 

m.- 

El 

olFT ■ 

• ( 7 ) 

'IV\ 

Erf 

. (8) 


ThJ,. ~ 

otFT 


Equations (3), {4), {7) and (8) are perfectly general, and do not require 
E or a to te constant. 

If Vq is the potential of the reversible electrode at T against the standard 
electrode at Tg, we have 

r,= V-V„ 

_ /<>F\ 

UTA“Ur;, \^TJ 

. . . . (9) 


and 

whence 


Taking a = 0-5, T = 300° k. and hFo/hT = ± 0-5 mv. per “c., as typical 
values, the difference between Ei and Eu is found to be approximately 
1-7 kcal. Most of the published values of energies of activation 1. * are 
those of En< 

( 2 ) Relation between Heat of Activation and Potential. — ^For the 
disch^e of hydrogen ions from 0*2 n sulphuric acid at a mercury cathode, 
Bowden • showed that the same value of En was obtained by using 
equations (2) and (8). He also found that a had the same value (0-5) 
at all the temx)eratures investigated, and that the variation of E^ wi^ 
the potential of the cathode, V, was given by : 

= PF - ctFF .... (10) 

W being a constant. These results have since been confirmed by Kenyon.* 

Equation (10) is very easily derived on the assumption that over- 
potential is due to the slow discharge of hydrogen ions,* the hei^t of the 
energy barrier over which the reacting system must pass being directly 
affect^ by the metal-solution potential difference. It does not seem to 
be so clearly recognised that a ration of the same form can also be derived 
by assuming other mechanisms, in which the potential has no direct effect 
on the height of the energy barrier. 

Ck>nsider, for example, the simple “ Tafel " recombination mechanism,* 
according to which the ^ow stage in the electrode reaction is the com- 
bination of adsorbed H atoms to form H, molecules. It is assumed that 
the adsorbed atoms are in equilibrium with the solution and occupy only 
a small fraction, 6, of the available sites. We then have : 

i = he* 


whence 


RT, B 


In » = ln*o + —t; 


(II) 


where A is a constant, 6^ is the fiaction of the surface occupied at the 
reversible potential (i.e,, in equilibrium with hydrogen gas) and to = hBt* 

■ Bowden, Proc. Roy, Soc. A, 1929, ia6, 107. 

* Kenyon (private communication). 

• Vohner and Erdey-Gruz, Z. physik. Chem. A, 1930, 150, ao3. Horiuti and 
PrOanyi, Ada Physieochim, 1935, a, 505. Butte, Proc. Roy. Soc.. A. 1936, 157, 423. 

‘e.g. Knorr and Schwartz, Z. Elekirochem., 1934, 40, 38. 
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is the rate of dissociation of Hj or of recombination of adsorbed atoms at 
the reversible potential. 

It foIlo\vs that 




/li In t\ 

fb In *o\ 

zFq 


RT^ 

\ bT )r,~ 

1 ?»r j 


or 

E,= 

- zF-q 

. 



where T^o = RT* 


I hi /( 

It' 


Apart from the numerical value of a, this 

relation has the same form as (lo) ; it may readily be transformed into a 
relation between and V. 

The actual values of Ej and ii'n, and, in particular, their values at 
the reversible potential, are of more significance in elucidating the mechan- 
ism of overpotential. For example, the observed value of Eji for hydrogen 
deposition from acid solution on mercury is i8 kcal. per g. ion at the re- 
versible potential,'^ and this shoptrs immediately that the formation of 
free atomic hydrogen is highly improbable. The calculation of entropies 
of activation, or equivalent '' temperature independent ” factors ’’ is also 
a matter of considerable interest. 

( 3 ) Variation of a with Temperature. — ^Although a is independent of 
temperature under the conditions of Bowden’s experiments, a definite 
variation of a ^vith temperature has been found in certain other reactions. 
The observations cf Stout * on the deposition of the azide ion and of Roiter 
and Jampolskaja ^ on the electro-reduction of ox3rgen are especially inter- 
esting ; the usual linear relation between V and log i is found, but the 
slope, 6, of the V — log i lines is nearly independent of temperature. 


Since 


2*303 RT 
bF ' 


(cf. (5)) 


• (13) 


it follows that a is proportional to the absolute temperature. Further- 
more, since the V — log i lines at different temperatures are parallel to 
one another, the heat of activation. 



is independent of potential. It is difficult to explain this result, or, indeed, 
any appreciable variation of a with temperature, in terms of an ion-dis- 
chaige mechanism alone. Formally, however, an E independent of V 
and an a proportional to T can be obtained by assuming that the potential 
affects not fhe heat, Aff+, but only the entropy, AS+, of activation. If 
we put : 

/c)A 5 +\ 

(tt), = ^ (-jT 


wc obtain ® 

— sa /bAF*\ 

RT^ \ IV Jt^ ~ M'\~W )t 

i_ I /hAS+\ pF 

RT\ IV /r“ R 


(14) 


or 


a = jSr. 


It is probable, however, that variation of a with temperature really 
impli^ that the reaction is complex, or that factors such as adsorption 

_ ’’ Eyring, Glasstone and Laidler, J, Chetn. Physics, 1939, 7, 1053. Glasstone, 
Laidler and Eyring, The Theory of Processes (1941), ch. 10. Kimball, Glas- 
stone and Glassner, J. Chem. Physics, 1941, 9, 91. 

® Roiter and Jampolskaja, Acta Physicochim., 1937, 7 » * 47 * 

* Cf. Eyring, Gla^tone and Laidler,*. 
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have to be explicitly considered,^® and a much more detailed analysis is 
required in order to see the true significance of the experimental results. 

The Influence of Concentration of Reactants and Neutral 

Salts. 

If the rate'ControUing process involves only adsorbed atoms, it is 
reasonable to suppose that the overpotential at a given current density 
will be practically independent of the concentrations of reacting ions and 
of neutral salts, although the total metal-solution potential diiforence at 
an electrode where reaction is occurring, and at a reversible electrode, 
depends on these concentrations. 

On the other hand, if the rate-controlling stage involves neutralisation 
or formation of an ion, it is to be expected that addition of neutral salts 
and changes in the concentration of the reactant in the solution will affect 
the overpotential. But, as Frumkm has shown, the situation is 
complicated by the existence of the potential associated with the diffuse 
(Gouy) part of the double-layer and by the related adsorption of reacting 
ions. Frumkin has considered the discharge of hydrogen ions on 
mercury in terms of the Stem theory of the double layer ; ^though this 
theory does not explain all the observations quantitatively, it does account 
for some of the more puzzling features, and a treatment on similar lines 
should certainly be appUed to other reactions for which similar mechanisms 
are postulated. 

The assumptions made by Frumkin are : 

(i) the total metal-solution potential difierence * ^ is made up of two 
parts — across the Helmholtz double layer and tf>g across the 
diffuse double layer ; 

(ii) the rate of discharge of ions is 

i == A[H+], e W . . . . {15) 

where is the concentration on the solution side of the Helm- 
holtz double layer ; 

(iii) [H+L is related to the bulk concentration [H^Jo by the equation : 

[H+],= EH+]„e®^. .... (16) 

It follows that 

^ = 

RT 

and, introducing the reversible potential, = const. : 

F 

, = 0 - = ^Ini “ (^-^) ^In [H t-]g - (J-^) (i8) 

At constant i and (H+Jg and for a < i, 17 should thus be increased by 
adding neutral salts, which usually decrease salts with specifically ad- 
sorbed anions (e.g. iodides) may increase and thus decrease 17. Quali- 
tatively, these conclusions have been confirmed by experiment, 1* 

In Ihe presence of excess neutral salt, >/>, ^ould be approximately 

* Mistaken to be zero in the metal ; Frmnldii uses the opposite sign convention. 
Jofa and Stepanov, J. Physic. Chem. {Russ.), 1945, 19, 125 ; Chem. Abs., 

1945. 4011- 

“■Frumkin, Z. physih. Chem., A, 1933, 164, 121. 

“Frumkin, Acta Physicochim,, 1943, 18, 23 (this paper contains numerous 
referencM to earlier work). 

“ Cf. Yohner and Eraey-Gruz,*. 

“ TdEa, Kabanov, Kuchinskl and Chistyakov, Acta Physicochim., 1939, 10, 
3x7. Frumkin, Trans. Faraday Soc., 1940, 36, 126. 
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canstant a.TiH independent of [H+] q ; ij should therefore increase as the 
hydrogen ion concentration is lower^. Lewina and Sarinsky observed 
a change of 17 in the expected direction in solutions of vaiyuig [H+]o 
containmg LaClj, but other investigators have found 7} practically in- 
dependent of [H+]o under analogous conditions (e.g. J^wden,^* using 
buffer mixtures ; Wagner and Traud.^’ using soluticns of composition 
I M CaClj, {1 — x) M KCl, X M HCl). Further experimental work on this 
point seems to be called for. 

In acid solutions containing no neutral salts, changes with 
and, for mercury at potentials in the usual experimental range of hydrogen 
overpotentials, Frumkin calculates from Stem’s theory that 

J?T 

^g = const. ^ In [H+]o 

Jf' 

approximately. Hence, using {18) and putting a = 0-5, we obtain : 

ij = In » -f- const. .... (19) 

J’ 

The oveipotential is thus independent of [H+]o, as found experimentally 
in dilute solutions. 

It should be noted that the effect of neutral salts is in the opposite 
sense if the reacting particle is a water molecule, as suggested by Eyring, 
Glasstone and Laidler,’ instead of a hydrogen ion. We then have 


i = ft[H, 0 ]e ^ = k'e'^ . . . (io) 

RT 

and ^ ^ -f- = —gjln i 4. + const. . . (21) 

OLT 

J?T RT 

, = ^_^o=~ln*-f-^ln [H+]o + -I- const. . (22) 


the sign of <^g being opposite to that in (18), provided a < i. 

TMs example serves to show how the existence and sign of a neutral 
salt effect may discriminate between different mechanisms. But it 
must be emphasised that the Stem theory of the double layer is in many 
respects inadequate.^’ In particular, it takes no account of the lateral 
distribution of ions in the Helmholtz double layer, in consequence of which 
^g and lf>J^ vary from point to point of the surf^e, although their sum, 
remains constant. If a < i, (17) shows that the current density for 
d i sc h a r ge of H+ at a given overall ^ is greatest at points where if»g is greatest 
and least. It is dearly desirable that the theory of the double-layer 
should be developed so that effects of this type can be dealt with 
quantitatively. 

I am indebted to Dr. F. P. Bowden and Dr. H. P. Stout for stimulating 
discussion of the subject matter of this paper. 


Summary. 

The influence of temperature and of concentration of reactants and 
neutral salts on overpotential is briefly discussed, and some of the possible 
implications of experimental results, in this field are indicated, 

“ Lewioa and Saxiosky, Acta Physicochim., 1937, 6, 491 ; ibid., 1937, 7, 

485. 

Bowden, Trans. Faraday Soc., 1928, 34, 473. 

^’Wagner and Traud, Z. Elsktrochem,. 1938, 44, 391. 

“Cf. Lukowzew, Lewina and FrumMn, Acta Physicochim., 1939, ii, 21. 

“ Cf. Jofa and Frumkin, ibid., 1943, *8, 143. 
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R68um6. 

On discute bd^vement I'influence de la temperature et de la concentra- 
tion en reacti& et en sels neutres sur le survolLige et on indique quelques 
unes des consequences possibles impliquecs par les resultats experimentaux 
dans ce domaine, en ce qui conceme le mecanisme des reactions k I’eiectrode. 

Zusammenfassimg. 

Der Einfluss von Temperatur und von Reagens- und Noutralsalzkonzen- 
tration auf die Uberspannung wird kurz besprocben und es wird auf die 
mSgliche Bedeutung von Veisuchsresultaten auf diesem Gebiet fiir den 
Mechanismns von i^ektrodenreaktionen bingewiesen. 

Laboratory of Physical Chemistry, 

CamUnidge. 


OVERPOTENTIAL AT VERY LOW CURRENT 
DENSITIES. THE DEPOSITION OF HY- 
DROGEN FROM AQUEOUS AND NON- 
AQUEOUS ELECTROLYTES.* 

By F. P. Bowden and K. E. W, Grew. 

Received ixth March, 1947. 

The fact that the electrodeposition of an ion can occur at an appreciable 
rate only when the potential between the electrode and the dectrolyte 
exceeds the reversible potential — ^that is, the phenomenon of overpotential 
— implies that some stage of the process can only occur at a limited rate, 
which is dependent on the potential. This overpotential may be classified 
(Agar and Bowden, 1938, 1939) as activation overpotential Va if the slow 
process requires an energy of activation, as concentration overpotential 7, 
if it is due to concentration changes in the electrolyte near the electrode, 
and as resistance overpotential Vf if it is caused by a high resistance at the 
electrode surface. 

Earlier work has shown that for the deposition of hydrogen on most 
metals, the velocity-controlling procras could be regarded as one in which 
an energy of activation W was required. It was suggested (Bowden, 
1929} that the effect of the potential difference V across the metal /electro- 
l3rte interface is to cause an alteration in this energy of activation by an 
amount proportional to V, so that the new energy of activation isW — ccVF. 
If the distribution of energy among the reacting species is Maxwellian, 
the number reacting per sec. N is given by 

(W-aVF) 

N = 2Voe bt . . . . (i) 

where Nq is the number present at the dectrode surface. If N is measured 
by the current density i. 

In » = const — ^ . 7 . . . . (2) 

This may be written in the form 

7= 6 (log* - logia) . . . . (3) 

♦ This work was carried out in 1936 (Grew, Ph.D. Thesis. (Camb. 1936), 
bat publication and discnssion of the results was intrampted by uie wax. 'Diis 
paper gives a brief outline of some of the experimental observations. 
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where b =» 2'^o^RTIaF and io is the rate of deposition of hydrogen ions 
at the reversible potential. At this potential, the deposition of hydrogen 
is exactly balanced by the reverse process, the electrosolntion of hydrogen, 
so that the net rate of deposition is zero. At other potentials, the observed 
c.d. IS actually equal to the difference between the rate of deposition and 
the rate of electrosolution. The rate of electrosolution is usually negligibly 
small compared to the rate of deposition when the overpotcntial exceeds 
about 0-05 v., so that, after this, ^e overpotential should increase linearly 
with log (c.d.). As early as 1905, Tafel showed experimentally tliat, 
over a limited range of c.d., this logarithmic relation was approximately 
true for the deposition of hydrogen from acid solutions. It has been 
shown in earlier papers *• * that, provided certain precautions are taken, 
the logarithmic relation holds very accurately over a wide range of c.d. 
for both oxygen and hydrogen deposited from acid or alkaline solutions 
on to the surface of a large number of metals. The values of the constants 
may change with the conditions, but the logarithmic relation still holds. 
In the case of h3rdrogen, this was true for a range of c.d. extending from 
io“* to io“’ amp./cm.*. At c.d. above io~* amp., the overpotenti^ rose 
sharply above the theoretical value. This is due to the fact that the high 
c.d. decreases the concentration of hydrogen ions in the immediate vicinity 
of the cathode. This changes the reversible potential of the electrode, 
and may also introduce a high resistance into the circuit, so that both 
Vt and Vf become appreciable. If the electrolyte is vigorously stirred 
so that these concentration changes are diminished, highRr c.d. may be used 
before this break occurs. 

In the earlier work, it was not possible to measure the overpotential 
of hydrogen at c.d. smaller than io-» amp./cm.* because the overpotential 
became unsteady and fell below the theoretical value. It was suggested 
that this faUing-away was caused by the presence in the electrolyte of 
small traces of oxygen, or oxidising substances, or metal ions which 
" depolarised " the electrode. The object of the present work was to 
extend the range of experimental observation down to very low c.d. An 
attempt has been made to eh’minate these minute traces of oxidising 
substances and to determine whether the overpotential follows the same 
course down to very low c.d. or whether some otiier stage of the deposition 
process may play a part when the reaction velocity becomes very slow. 

A mercury cathode was used, and the mercury and the electrolyte' 
were (^tilled into a glass vessel which had previously been baked out 
in a high vacuum and ^ed with pure hydrogen. The vessel was then 
sealed off and the polarising current was passed, and the potential measured 
through glass walls. In this way, the cathode and the electrolyte sutround- 
ing it^ ■\vas protected from contamination by oxygen or other 
impurities. The method was effective, and accurate measurements were 
obtained at c.d. as low as lo-* or 10-“ amp./cm.* 

An investigation of overpotential in non-aqueous electrolytes is difficult 
under normal wnditions because many of these have a high electrical 
resistance. This introduces a large ohmic potential drop into the dreuit 
so t^t Vr becomes very large. At these very low c.d., however, this 
ohmic drop becomes very small, so that accurate measurements of the 
ov^potenti^ are ]^^ble. The deposition of the hydrogen ion from 
methyl alcohol, pyndine and formic acid was investigated. 


Results. 

Deposition from N /5 Sulphuric Acid in Water.— The area of the 
mercury cathode m these experiments was 6 cm.*. When the cell was 

^^wden and Rideal, Proc. Roy. Soc. A, igaS, lao, jsq, 

* Bowden, ibid., 1929, 135, 446. 

* Ibid., 1929, ia<S, 107. 
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freshly filled, the potential at low c.d. (less than io“® amp. /cm.*) was at 
first somewhat variable. After electrolysis for a short time, however, 
it reached a steady value. Eight distinct sets of measurements were 
made, the cell being emptied and refilled between each. The reproduci- 
bility was veiry good, and typical results taken from two difierent experi- 
ments are shown in Fig. i. The overpotential in amp./cm.* is plotted 
against tbft measured overpotential. The experiments show that the 
linear relation between the ovorpotential and the logarithm of the c.d. 
holds down to very low c.d. (io“* amp./cm.*). The slope of the line 

dw/d In i is equal to o-isb 
at 290“ K. This is a mean 
value taken from four sets 
of measurements ; it gives 
a value of a = 0-45 and it 
is not very different from 
that obtained at high c.d. 
At c.d. below io“® amp./ 
cm.*, the linear relation 
no longer holds, and the 
curve fiattens out. Such 
an effect is to be expected 
at very small overpoten- 
tials, on account of the 
increasing importance of 
the back reaction. In the 
experimental curves, however, this flattening occurs at an appreciable 
overpotential and even on open circuit, the potential does not fall to 
zero. This suggests that a trace of some electronegative metal which 
may come from the glass itself, is deposited on the mercuty. The value 
of »o obtained by extrapolation to zero overpotential is »o = 4 X io“** 
amp./cm.*. 

At the smallest c.d., a considerable time was required for the potentM 
to become stationary. The electrode/d.ectrolyte inter&ce has a capacity 
of about 20 mfd./cm.* (see later). 

Therefore a pot^tial change of 
100 mv. necessitates a change in 
the interfacial charge of 2 micro- 
coulombs, and a current of io~* 
amp. must flow for 30 min. to 
bring this about. This meant 
that the full range of c.d. could 
not be covered in less than a few 
hours. No inconvenience arose 
from the extended duration of 
the measurements ; the cell be- 
haved consistently and repro- 
ducible results were obtamed 
over a considerable period of 
time — in one case as long as 
3 weeks. 

DeposttiLoii from Hydrochloric Add in Methyl Alcohol. — A. similar 
series of experiments were carried out using HCl dissolved in methyl 
alcohol. The alcohol was carefully purified and dried by successive dis- 
tillation over NaOH and I„ over CaO, over anhydrous CuSO* and an 
A1 — ^Hg couple. The reference electrode was a reversible hydrogen 
electrode inunersed in the same solution as that used in the cell. For 
measurements at the higher c.d., an internal anode was used, since the 
resistance of the glass bulb on the polarising circuit prevented measure- 
ments from being made with the external anode at c.d. greater than 
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io“* amp. /cm.*. The internal anode was used only after the measure- 
ments at smaller currents were completed. Effects due to contamination 
of the solution by the products of electrolysis were thus minimised. Two 
sets of measurements were made, one for a 0-354 solution, and the other 
for a 0-14 N. solution of HCl. The results in both cases were similar and 
the curve obtained for the latter is shown in Fig. 2. 

The curve shows that, except over a small range of c.d. (between io“’ 
and io~* amp. /cm.*), the linear relation holds just as for aqueous solutions. 
There is indeed a close resemblance between the two cases. The slope 
dV/d(log i) of the curve for the alcohol solution is at the higher densities 
0*14, at the lower o*io ; for the aqueous solutions, the average value found 
in these experiments was 0*14. Also the intercept on the a.xis of zero 
overpotentiai, which is a measure of the rate of the reversible reaction, 
is for the alcohol solution at = 3*10“^^ amp. /cm,*, and for the aqueous 
solutions, tg = 4*10“^ amp. /cm.*. 

The break in the V — log * curve showed a hysteresis effect, as is 
seen from the curves for increasiag and decreasing currents. This suggests 
that there may be two types of ionic complex taking part. The presence 
of a trace of water in the alcohol might possibly account for this. 

Hydrochloric Add in 
Pyridine. — Experiments 
with pyridine as solvent are 
of intoest because here the 
ionic complex is entirely 
different from that in water 
or alcohol solutions. The 
pyridine used was purified 
by distillation from KOH. 

JTie strength of the solution, 
determined at the wnd of 
the measurements by titra- 
tion, was 0-04 N. HCI. 

As reference electrode a 
calomel electrode was used. 

A reversible hydrogen elec- 
trode was set up in some of 
the residual solution and its 
potential measured, also with respect to the calomel electrode. The 
as3nnmetry potential across the glass bulb was measured and allowed 
for in calculating the overpotentiai values. 

The firrt measurements made soon after filling the cell showed the 
linear relation between the potential and the logarithm of the current to 
hold over a range from io“* to 10 amp. /cm.*. The curve is given in 
Fig. 3. With continued polarisation over 24 hr., however, a break oc- 
curred in the curve, and potential readings b^me impossible because of 
uncontrollable fluctuations. This effect is possibly duo to the accumulation 
of the products of a secondaj^ reaction on the oler^ode surface. 

The slope of the curve is much smaller than for aqueous or alcohol 
solutions, its value being only 0-05, The intercept on the axis of zero 
overpotentiai is also very different. The reversible current (of which 
the intercept is a measure) is 5*10“^ amp. /cm.*; for alcohol and water 
solutions, the coireaponding value is 4 x and 3 x io"ii amp. /cm * 
respectivdy. 

Forxnlc Add. — Pure formic acid is appreciably dissociated, and the 
conductivity is su^ that hydrogen deposition from it could be studied 
by this method without modification. The acid was prepared from lead 
formate and carefully dried by distiIkj,tion from anhydrous CuSO*. 

Unfortunately, in this case no satisfactory value could be obtained 
or the reversible potential. The m^urements are therefore given with 
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reference to a saturated calomel electrode, and are not overpotential 

"^Ttypical curve is given in Fig. 4. Here again the logarithnuc relation 
“ appears to be vahd over a 

range from io~® to io~*ainp./ 
cm.*. The change in slope 
at the smallest currents is 
similar to that observed in 
the case of the H|S04 solu- 
tions. The slope d V /d(log t) 
is the smallest so far ob- 
served, being only 0-024. 

Discussion. 

The results obtained for the 
deposition of the hydrogen 
ion from aqueous solution show clearly that the overpotential obeys equation 
(i) from c.d. of lo"* amp. /cm.* down to c.d. as low as lo"* or io~^“ amp. /cm.*. 
Moreover the slope of ^e line dF/d(Iog ») is equal to 0-138 or a (from equa- 
tion (i)) is equal to 0-45. This value of a is only dightiy lower than that 
observed at Ingh c.d. devious work has shown that the relation is obeyed 
at c.d. of io“* to io~* amp. /cm.* and that a equals ca 0-5. A c.d. of io“*® 
corresponds to a deposition rate of io-“ g. ions per sec., or ca. 6 x io“’ 
atomic layers per sec., i.e. less than a inillionth of an atomic layer per 
sec. Although the hydrogen ions are being deposited at this very low 
rate, the potential remains steady and lie reaction velocity can be 
measured. It is clear that over tiWs very great range of c.d. (10-*® to 
io“* amp. /cm.*) the reaction follows the same course. 

The experiments in methyl alcohol, in pyridine and in formic acid 
show that the electrodeposition of the hydrogen ion from these electro- 
lytes is again accompanied by an activaticn overpotential. Although 
the kinetics ate similar, the values of a and of to may be very different 
from those obtained in aqueous solution. 


R6sum6. 

Le survoltage d'hydrog^e a ^t6 mesur6 k des densit^s de courant 
inf 4 rieures k io“’ amp. /cm*. Les r^sultats, obtenus pour le d6pdt d’ions 
hydrogteie k partir de solutions aqueuscs, montrent que les courbes V — log * 
(log ») sont des droites (oh F est la difference de potentiel k travers I’inter- 
fece m 4 tal- 61 ectrolyte et » la density de courant) et que la pente reste la 
infime dans le domaine do density de courant io-i®-io* amp. /cm*. Dans 
I’alcool m6thylique, la pyridine et I’acide formique, la cin6tique du d6p6t 
est la mfime, mais les constantes des courbes V = / (log i) peuvent dtre 
diff^ntes. 


Zusammenfassung. 

Dio Wasserstofftiberspeinnung wurde bei Stromdichten unter 10-’ 
A/cm.* gemessen. Die Resultate fiir die Wasserstoffabscheidimg in 
wksserigen Lbsungen zeigen, dass die Beriehrmg zwischen der Spannungs- 
differenz (V) an der FhasengrenzflfLche Metall-£lektrol3d: und der Strom- 
dichte (i) linear ist und dass die Steigung der F-log t-Linien im Strom- 
dichtenb^eich io-i®-io-* A/cm.* unverandert bleibt. In Methyl- 
alkohol, Pyridin und Ameisens&ure ist die Kinetik der Abscheidung 
Shnlich, aber die Kbnstanten der V-log i-Linien kbnnen sehr verschie- 
dene Werte annehmen. 

Department of Physical Chemistry^ 

Free School Lane, 

Cembridge. 




AN EXPERIMENTAL DETERMINATION OF THE 
CAPACITY OF THE DOUBLE-LAYER * 

By F. P. Bowden and K. E. W. Grew. 

Received iith March, 1947. 

The development of a method for overpotential measurements at 
very small c.d. enables the capacity of the double-layer to be readily 
determined by direct measurement. When polarising currents of the 
order of i microamp. are used, the rate of charging up of the electrode/ 
solution interface is so slow that it can conveniently be followed with a 
Compton electrometer. For instance, the time required for the potential 
at a mercury /sulphuric acid interface of 6 cm. area to change by 0-2 v. 
was 30 sec. when the current was 0*3 microamp. The method is applic- 
able only over a small range of potential, the upper limit of which is 
determined by the rate of response of the electrometer. 

Experimental. 

When the glass cell had been filled and sealed, and the overpotential 
curve obtained, the polarising current was reduced to a very small value, ti. 
The polarising E.M.F. and the resistance were so chosen that when a 
part of the resistance was short-circuited, the polarising current would 
increase to a value it a>bout 30 to 60 times greater than its initial value. 
The potential difierence between the mercury electrode and the reference 
electrode was balanced on the potentiometer. The sensitivity of the 
potentiometer was now reduced, by changing the needle potential, to 
about one-third of its normal working value, which was 300 cm. per v. 
The reduced sensitivity was measured by disturbing the balance to a 
known extent. The resistance was now short-circuited, and the electro- 
meter deflection observed at regular intervals — ^usually of 5 sec. duration 
— ^until a steady value was reached, corresponding to the overpotential 
appropriate to the larger current This current was then measured 
in the usual way. 

From tbe cun^e showing the vernation of the deflection B with time t, 
the initial rate of deflection dOfit at time t = o was found. The corre- 
sponding initial rate of increase of potential dV'fdt was calculated from 
this quantity and the sensitivity of the electrometer, and the capacity K 
from the relation : 



In some cases the capacity was determined from the alternative expression 



in which i is the current serving to charge the interface, that is (ij — Ij), 
where fi is the " leakage ” current due to imperfect polarisability at any 
instant between o and Af. This current was found from an overpotential 
curve previously taken. The difference in the values of the capacity 
given by these two methods of calculation was not greater than the experi- 
mental error, and in general the results were calculated by the simpler 
method of the initial slope. In some cases the measurements were 

•This work was carried out in 1936 (Grew, Ph.D. Thesis, Camb., 1936), 
but publication and discussion of the results was interrupted by the wax. This 
paper gives a brief outline of some of the experimental observations. 
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extended to a higher range of potential by substituting for the dectrometer 
an Einthoven galvanometer. The arrangement used was essentially 
tlxat described in earlier work.^ 


Results. 

The measurements were confined to mercury electrodes in approxi- 
mately N./5 HaSOj solutions, for which overpotential curves are given in 
the next part. The area of the electrode surface was taken as equal to 
the cross-sectional area of the containing tube. This implies that the 
effect of any creeping of the solution between the mercury and the walls 
of the glass vessd. is negligible. This assumption, which has been made 
by others, appears to be justifiable, since measurements made in tubes 
of different diameters gave consistent results for the capacity per unit 
area of tube cross-section. Characteristic charging curves are given in 
Figs. I and 2. 

From the slope of the curve (Fig. i) showing the total charge as a 






m 






function of the potential, the capacity is found to be K—20-6 mfd./cm.“. 
The calculation from the initial slope of the deflection-time curve (Fig. 2) 
is as follows : 

^ = 0-225 cm./sec. : ^ = 0-225/23-3 = 0-00966 v./sec. 

dW . 

^ M nifd./cm.» = 20-3 mfd./cm.*. 

{dV/6i) 0-00966' 

The Tn^-n value obtained from 26 determinations made on mereury sur- 
faces where the area varied from 7-7 sq. cm. to 0-95 sq. cm. was 20-2 ± 2 
infd./cm.*. 

This value of 20 infd./cm.* is considerably higher than the value 
(6 mfd./cm.*) obtained earlier, when bi^er c.d. w’ere used and ihe cathode 
was not protected by being completdy enclosed in glass. In order to 
test whether the diffmonce was due to the low rate of charging, the measure- 
ments were extended to a higher c.d. This was done by replacing the 
electrometer by an Einthoven galvanometer and camera. The procedure 

^ Bowden and Bideal, Froc, Roy. Soc. A, 1928, 120, 59. 
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remained otherwise unaltered, except that it was necessary always to 
use the internal hydrogen electrode as reference electrode in order to r^nco 
as far as possible ^e resistance in the galvanometer circuit. The calcuktion 
of the results was made by one or o&er of the methods indicated already 
for the measurements at small c.d. The measurements were mado with 
a polarising current which varied from o-o2 to o*oo6 microamp. The 
mean value obtained was 19 ± 2-4 mfd./cm.*. 

A Measurement of the Capacity of some Mercury/Non-aqueous 
Solution Interfaces. — In the previous paper overpotential measurements 
in some non-aqueous solutions are de^ibed. Proliminary results for 
hydrogen deposition from solutions of HCl gas in methyl alcohol, in 
pyridi^, and from pure formic add are given. The behaviour is in general 
similar to that m aqueous solution ; that is, the overpotential appears 
to be proportional to log (c.d.), though the proportionality constant may 
difier from that in aqueous solution. A measurement of the capacity 
at the mercury /electrolyte interface may therefore be carried out just as 
for aqueous solutions. 

Such measurements are of interest because of their relation to the 
structure of the double-layer. If the very simple Helmholtz picture of 
the layer is adopted, the capadty pm: unit area is given by 

K — kf^itd 

where k is the dielectric constant of the medium between the layers, arirl 
d is the distance. The value determined for a N./5 HjSO* solution has 
been ^own to be 20 mfd./cm.*. The ratio kjd is therefore about 22 x 10^ 
e.a.u. The appropriate value to be taken for k is uncertain. If it is 
taken as unity, then the distance between the layers is d — 0*5 a. This 
is a not unreasonable value. On the other hand, it is possible that the 
dielectric constant of the solvent must be taken into account, and some 
value between unity and that of the pure solvent be attributed to k. The 
reason for this is that the solvent molecules are not entirely excluded 
from the ionic layer in the solution, and these will afiect the dielectric 
constant, increasing it to a value greater than unity. It may also be 
necessary to consider the variation in the distance d as the solvent changes, 
and also the dependence of the capacity on interfacial potential, though 
this is not very marked at high overpotentials. From this point of view, 
measurements of the capacity in solvmits other than water arc of interest. 

The values found in the present work are tabulated below, together 
with the dielectric constant of the solvent. 

The measure- 
ments in the non- 
aqueous solutions 
are less reliable than 
those in H1SO4 aq. 

In alcohol, the 
capacity ^owed a 
tendency to de- 
crease with time, 
and in the other 
cases, the potential 
range over which 
measurements could 
be made was re- 
stricted. But the 
results diow clearly that there is no direct relation between the dielectric 
constant of the solvent and the capacity of the double-layer. The electro- 
capillary measurements of Emmkin • support this conclusion. 

• Pr uTukin , Z. physik. Chem. A, 1923, 103, 43 and 53. 

• Fiumkin, Er^eh. exaht. Nahmoiss.. 1928, 7, 235, where a review of electro- 
capiilanty results is given. 


T A B LE I. — ^Ths CAPAcrry of soms Mercury/Electro- 
LYTE Interfaces and the Dielectric Constant 
of the Solvent, 


Sohitkia. 

Didecttlo 

Constaatof 

Solvent. 

Meuaiemant. 

infa./om.> 

N./5 H,S04 in water 

81 

20 

Pure formic add 

58 

67 

HQ in methyl alcohol (n./io) . 

31 

28 

HCl in pyridme {N./25) , 

12 

16 
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Discussion. 

The value of 20 mfd./cm.* for the capacity at a meicury /sulphuric 
acid inter&Lce is considerably higher than the values previously obtained 
by the same method. It is in good agreement Avith the values obtained 
in the electrocapillary and expanding surface methods. Thus for a 
0*1 N. solution of H,S04 Gouy's * electrocapillary measurements load, to 
an average value of 21*0 mfd./cm.* between —0-5 and — 0*7 v. (n. cal. 
scale), which was the range covered in the present measurements. The 
results obtained by Philpot * using the expanding surface method give a 
value of 21 mfd./cm.* ; this is almost independent of the potential pro- 
vided this is more negative than — 0-6 v. Thus over the limited range of 
potential for which comparison is possible, the throe methods now agree 
in giving values for the capacity of 20-21 mfd./cm.* ; this in spite of the 
fact that in one case (the expanding surface measurement) the anion was 
difierent from that in the others. 

The lower values of about 6 mfd./cm.* previously obtained • are 
apparently due to some surface contammation. In this connection, a 
paper published while this work was in progress by Proskumin and 
Prumkha ' is of interest. It describes measurements of the capacity 
made by an alternating current method. A. mercury electrode in, amongst 
others, a N. H,S04 solution was polarised by a direct current ; super- 
imposed on this was a small alternating current, and the consequent 
potential variations were amplified and measured. The method is suitable 
for an investigation over an extended potential range and the results obtained 
were in agreement with Gouy's electrocapillary measurements. Any sur- 
foce contamination of the mercury gave a low value for the capacity. 

The results obtaiued in this work for the particular cases described 
support the conclusion that in general the three methods of determining 
the capacity lead to values in agreement. The results also show that 
there is no direct relation between the dielectric capacity of the liquid 
and the capacity of the double-layer. 

R^sum^. 

La capacity d'une interface mercure-acide sulfurique, a At 6 mesur^e par 
la Vitesse de chaise de Tinterface k de trte faibles densil^ de courant. Le 
r^sultat obtenu (20 itFJcm.*), consid^rablement sup^rieur k celui trouv6 
pr6c^emment par la mdme m^thode, est en accord avec les valeurs d6ter- 
mindes par mesures d'41ectrocapillaiit6 ou par une m^thode de suspension 
de surfoce. Des mesures semblables dans I'alcool m6thylique, la pyridine 
et I'acide formique, n'indiquent aucune relation directe entie la constante 
diSlectrique du liqidde et la capacity de la double couche h Tinterface. 


Zusammenfassung. 

Die Kapazit&t an der Fhasengrenzflache zwischen Quecksilber und 
w&sseiiger Schwefelsaure wurde durch Messung der Geschwindigkeit der 
Aufladimg der Grenzfl9che bei sehr kleinen Stromdichten bestimmt. Der 
so erhaltene Wert (20 Mikrofarad/cm.*) ist weitaus hfiher als friihere 
Messungen nach derselben Methode ergeben hatten, aber sthnmt gut mit 
den Werten fiberein, die mit Hilfe der ElektrocapiUaritfitsmethode und 
der Methode von Philpot bestimmt wurden. Ahnliche Messungen fOr 
Meth yl a lkoho l, Pyridin und Ameisens&ure weisen nicht auf eine direkte 
Rdation sradsdhen der Kapazitilt der Doppelschicht und der Dielektii- 
zii&tskonstante bin. 


Department of Physical Chemistry, 
Free School Lane, 

Cambridge. 
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STUDIES IN ELECTROLYTIC POLARISATION : 


II.— THE EFFECT OF THE SOLVENT ON THE 
HYDROGEN OVERPOTENTIAL, (i.) 


By J. 0*M. Bockris. 


Received x^ih January, 1947. 


The balance of evidence relating to the two principal groiipH of theories 
of hydrogen activation overpotential ^ has not been markedly altered in 
the last decade because few critical tests of either group have been carried 
out. A factor which would seem to make possible clear experimental 
distinction between the two theories is that of the solvent effect. Thus, 
the changing solvent would alter a number of the factors which affect the 
overpotentijd, the more important of which are the solvation of the hydro- 
gen ion, adsorption on the cathode, and the interfacial tensions gas-solution 
and cathode material-solution. The energy of solvation has received par- 
ticular attention in the slow discharge theories of hydrogen overpotential,* 
and importance attaches to the fector of adsorption in most theories. 
Considerations directly connected with interfacial tension have received 
1^ attention in recent theoretical work, but they remain cogent in connec- 
tion with possible secondary effects.' 

Early work on the solvent effect on hydrogen overpotential was carried 
out by measurements of minimum overpotentials. Carrara • found a 
small decrease in overpotential in alcoholic solutions, but the sharpness of 
the inflexion point is even less in non-aqueous than aqueous solutions, 
and t^ considerably detracts from the value of the result. Thiel and 
Breuning • found that addition of bathotonic substances such as butyric 
add or amyl alcohol to an aqueous solution increased the overpotential 
on a platinum cathode but according to Glasstone,' high concentrations 
of isobutyl alcohol, isoamyl alcohol or acetic add cause the overpotential 
to decrease. The work of these authors was mainly concerned with at- 
tempts to correlate overpotential with interfacial tension ; it has little 
cogency to modem concepts because the minimum overpotential is now 
r^aided as having an hncertain meaning.^® 

Measurements of overpotential in non-aqueous solutions were first 
carried out by Swarm and Edelmann,^* who examined various cathodes in 
acetic add solutions of sulphuric add for c.d.’s between 5-io“® and 5'io“* 
amp. per sq. cm., the potentials bemg measured at an indefinite time after 
commencement of polarisation at a given c.d. These workers report 
results to which the T^el equation « is not applicable. The overpotential 
IS much higher than in aqueous solutions, and the relative order of the 
overpotential at a given c.d. is different that in aqueous solutions. 
It seems probable that a large resistance error severely limits tho value of 
these results. 


1942, 38, 474 ; Wirtz, Z. RMiro- 

1930* 44t 303. 

• Gumey, Proc. Roy- Soc, A., 1931, 134, 137. 

• Trans. Faraday Soc., 1942, 38, 474. 

' Eyring, Laidler and Glasstone, J. Chem. Physics, 1939, 7, io<5!|. 

• Trans. Faraday Soc., 1941, 37, 324. ^ 

• Z. pf^sih. Chem., 1909, 69, 75. 

^ Ibid., 1901, 38, 601. 

•Z. anorg Chem., 19x3, 83f 3*9- 
■ Trans. Faraday Soc., 1925, 3i, 36. 

“Basis, Siisungsber. Ges. Beford. Naturwiss., Marbrug, 1928. 62. 2x2 
Electrochem. Soc., 1930, 158, 179. 

•Tafel, Z. pliysih. Chem., 1905, go, 641. 
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Lewina and Silberfarb measured the hydrogen overpotential in ethyl 
alcoholic solution of HCl at a Hg cathode over a c.d. range of lo”* — lo-* 
amp. per sq. cm. The overpotential was found to be lower than in aqueous 
solution over the whole c.d. range being as much as 0*25 v. lower at a c.d. 
of lo'* amp. per sq. cm. At higher c.d.'s the overpotential tended to reach 
a limiting value, unaffected by c.d. Novoselski repeated Lewina and 
Silberfarb’s work on a Hg cathode and found similarly, for this and the 
analogous sy^em in methyl alcohol, that there is a lowering in comparison 
with aqueous solution. 

Pleskov examined the hydrogen overpotential in solutions of NH4CI 
in liquid NH, at — 50“ c. on Hg, Pb and Ni electrodes by the direct method. 
On all met2tis there is an increase of overpotential in comparison with 
aqueous solutions. Assuming that the order of the temperature coef&cient 
is the same as that in aqueous solution (about 2 X 10-® v./“c.), and 
making allowance for this, the results show a general increase on a Ni 
cathode of about o-x v. Results on other cathodes are difficult to interpret 
owing to the reported presence of a visible film formed during electrolysis. 

Hickling and Salt * measured the hydrogen overpotentials on Hg, Ww, 
platinised Pt, Pb, and Sn in solution of ethylene glycol with some sub- 
sidiary measurements for the first three metals in the corresponding cyclo- 
hexanol and ethyl alcohol solutions. An increase of overpotential is 
reported in all cases, and this amounts to 0*32 v. on Ww in cydohexanol 
at 10-® amp. per sq. cm. The b values of the Tafel equation are generally 
increased, but the form of the overpotential-log (c.d.) relation over the 
c.d. range used (10-® — i amp. per sq. cm.) remain essentially unaltered. 

Thus, little comprehensive work has been carried out on the solvent 
effect on overpotential, and the results of different authors often disagree. 
The available evidence seems to favour a lowering of overpotential in 
alcoholic solutions of HCl, but is insufficient to enable any general con- 
clusions to be drawn. Non-alcoholic solvents have not been examined at 
known c.d. and ordinary temperatures ; there is no evidence of a possible 
relation betu’een the properties of the solvent and its effect upon over- 
potential, and whether or not the influence of the solvent is characteristic 
of the electrode material, cannot he decided. Furthermore, attempted 
work in anhydrous solutions of alcohols is open to the obje^on that a 
very slight h3rdrolysis may produce a small quantity of hydroxonium ions 
which may be the entities dWhaiged. It appears, therefore, that a series 
of determinations in aqueous/non-aqueous mixtures of varying composition 
might yield results of use, for it would then he possible to investigate the 
effect of changing amounts of hydroxonium ion. Studies on this and the 
other factors mentioned above have been carried out as ifeu* as the limitations 
of the choice of solvent, outlined in the next section, allow. 


Experimental. 

Choice of Solvent. — ^A suitable non-aqueous solvent for over- 
potential determinations must obey the following criteria as far as possible 
[cf. also Hickling and Salt *}. 

(i) It must be easily available and stable to light. 

(ii) It must be a good ionising solvent, so that resistance errors in the 
use of the direct method can be reduced to a minimum. 

(iii) It must be stable to n HCl for at least 12 hr. 

(iv) It must be easily deh3rdxated, preferably without the addition of 
drying agents containing metallic ions. 

(v) It most be stable to nascent hydrogen. 

^ Acta phvsiotMm., 1936, 4, 275. 

PAwwc. Chem. (Rmss.), 1938, ii, 369. 

^Acta Physiochim., 1939. ii, 305. 
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It would be further advantageous if the solvent were water-mis(‘il)lo 
because then mixtures wth water could be utilised. 

The lower alcohols are the only solvents which compleloly siitisly these 
conditions. It is desirable, however, to use solvents of a 7rou-liy<Irf>.xvllic 
character, e.g., formic and acetic acids. The ethers also are appro])ri!tto 
solvents, except for their low ionising properties. It wiis dtH'ided, t luTeh n’l*. 
to use as solvents, methyl and ctliyl alcohol and othyloiio jilvcol, formic a nd 
acetic acids, and diethyl etlier and dioxane. Meusurenieiits \vt‘n‘ i an ird 
out in the pure anhydrous solution where practical and in iiu».s| i.ises 
also in aqueous /non-aqueous mixtures of varying e<>mjK>.siLioM, lor uliirli 
systems measurements appear to Ik? lacking. In .sysleiiis <'onl:iMmig 
acetic acid and dioxane, it was not practical to carry out e\|M‘riineids in 
anhydrous solutions owing to the high lesistanco ot tlK*se and t la* I'onsccpietil 
large ohmic overpotential introduced. 

Pmtflcations of Solvents and Preparation of Solutions. -Solvents 
for use in anhydrous s3rstems and for systems in which iiu'asiirt'inenl.s 
were carried out at c.da. of less than lO"® amp. por .st[. ciu. weni sulqcctcd 
to a preluninary puriheation and dehs^dration, and the sol veal was linally 
distilled in an atmosphere of dry Hj, which had Ixsen passetl through three 
bottles containing alkaline pyrogallol, and collected in a vt*.ssel into which 
HCl could be passed (" solution vessel "). For aqueous-organie. solvtuit 
systems, the organic solvent was purified and the appnipriatc* ainoiint of 
water added in air. The mixture was then boiled for 5 min. under n*llux 
conditions iu an all glass apparatus, allowed to cool during fiassage of lit 
and transferred to t^ solution vessel ; HCl gas, a]}propriately dri(‘(I, was 
then bubbled into the solvent, dry Ht being passed at the same time to 
act as a stuxer. Small portions of the solution were removed fnjm th(* 
solution vessel at interv^ and analysed until appropriate conditioirs for 
the production of an approximately n solution (i -t 0*05 n) luul been 
determined. No further measures were taken to reduce the O, content of 
the solution for systems in which measurements were not made at c.ds. 
of less than 10-* amp. per sq. cm. (cf. Hickling and Salt ^®). 

For ethereal and aqueous acetic acid solutions in which 8t>me measure- 
ments were made at low c.d.'s, the general method of preparation of solution 
was si mil a r to that described, but a vigorous deoxygenation was carried out 
by prolonged passage (24 hr.) of highly purified H, into the solutkm vessel 
before passing HCl. The H, was carefully pmifted by passage of cylinili'r 
Ha through a series of alkaline pyrogallol bubblers contuniing .sintered 
glass diftusion discs, and then through a glass tube raaintainisl at 0oo“ c., 
containing alternate layers of copper wire and pa}ladinifk>cl asbestos (cf. 
Bowden and Rideal ^’). 

Methyl alcohol was purified by addition of appropriate (|nfantittes fif 
la and Mg according to the method of Lund and Bjerrum. l''«r ethyl 
alcohol, “ Burnett ” dehydrated alcohol was reflux(*d over CaO f<ir hr., 
distilled twice, the second time in an atmosphere of ilg. Ck>mnierc‘ially 
" pure ” ethylene glycol was distilled and the midcUo fraction oollc(rf,o(i 
This was again distilled and the fraction boiling at lyy-icjS" was used as 
solvent material. 10 % aqueous formic acid was dehydrated by standing 
over CuSO, (anhydrous), the fraction boiling at 50” c. (no mm.) being 
collected (m.p. = S-4‘’ c.).i* A.R. acetic acid was dehydrated with the 
cMcu^ted quantity of PjOj, estimated cryoscopically. After severaJ dis- 
tillations, the fraction boiling at 116-119® was collected (m.p. == 16*5“). 
The ethyl^ ether used was Hopkin and Williams special Na-driod ether, 
further dried over Na for 24 hr. and distilled in a Hj atmosphere. Tech- 
nical dioxane was dried with KOH and BaO, distilled from the latter and 
then from Na, the fraction boiling at 101-102° (uncor.) being collected. It 
was redistilled from Na as required (m.p. = 11*75®). 

Hi ckling and Salt, Trans. Faradew Soc., 1941, 37, 319. 

” Bowden and Rideal, Proc. Roy. Soc. A., 1928, lao, 59. 

“ Gamer, Saxton and Parker, Amer. Cham. J., jgit, 46, 238. 
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Apparatus. — ^The electrolytic cell, described previously,^* w’as con- 
nected to the solution vessel by a ground glass joint. The acid solution in 
the generating vessel was transferred by gas pressure into the electrolytic 
cell, which had been previously filled with H|, the electrode having been 
placed in the cell immediately before this. At no point was the solution 
in contact with the tinfoil covering of the rubber bungs. 

Reference Electrodes. — The hydrogen electrode was used to 
measure the cathode potential. Two electiodes of different areas were 
used and the potential of the working electrode was compared with each 
at every reading. The hydrogen electrodes were assumed to function 
reversibly in all the systems used (cf. *• for acid methyl and ethyl alco- 
holic solutions and Hickling and Salt “ for glycollic solutions). No direct 
verification of the reversibility of the hydrogen electrode in the other 
systems used here have been recorded, but measurements against the two 
electrodes of different surface areas indicate the same potential, unaffected 
by alterations of the bubbling rate, suggests that poisoning effects were 
absent. 

Cathodes. — Pb, Cu and Ni cathodes were chosen as exemplifying 
respectively high, medium and low hydrogen overpotential metals. The 
Pb cathode (Goodlass-Wall, 99-993% Pb) was of cylindrical shape, and 
suspended by a Cu wire fused into it. Its diameter above the section 
immersed in solution was reduced to about 3 mm . to minimise variation of 
surface area caused by splashing. A rod of Hilger spectroscopically-pure 
Cu was used for the Cu cathodes. It was suspended in a glass tube with a 
Cu wire soldered to its upper end. Ni cathodes were in wire form and 
sealed into glass tubes, and connected to the outer circuit via a pool of Hg. 

Pretreataent of the cathodes was similar to that used by Hicklmg and 
Salt.** For Pband Ni cathodes, scraping with a sharp knife (cf. Grant 
interrupted by washing and rubbing with a filter paper for a standard 
time, was found to give the most reproducible results ; for Cu, the scraping 
process was omitted. Cathodes treated with a knife were examined under 
the microscope for residual particles from the scraping process : none was 
observed. No given cathode was used for more than one electrol3^8is. 

General Procedure. 

The cathode potential was followed from the time of contact with the 
solution, until it had reached a steady state, which it generally attained in 
some 1-2 hr. Polarisation was then commenced, and procedure during 
measurements of the variation of oveipotential at c.ds. of 10-*, lo-*, 
5 X io“* and io“^ amp. per sq. cm., was as described in Paper I. The 
effect of varying the rate of bubbling in the cathode compartments and the 
long time-decay of the cathode potential were noted at each c.d. in the 
various systems. 

The ohmic overpotential tends, of coiirse, to be greater in non-aqueous 
than in aqueous solutions, and careful tests were m^e to verify its reduc- 
tion to a negligible value (see also ref. 19). In some solutions of increasing 
resistance, su^ as the aqueous-methyl and ethyl alcoholic systems the 
oveipotential decreases considerably as the resistance of the solution in- 
creases. An exception is the measurements on a Cu cathode in ethereal 
solution. Here ohmic overpotential was very large at c.d.'s of about lo"* 
amp. per sq. cm., and experiments were therefore made in the region of 
io~* amp. per sq. cm. ohmic overpotential was still not negligible, 
and an attempt was made to allow for this by calculation from the equation 

w Bockiia (in press). 

" Trans. Faraday Soc., 1940, 36, 1224. 

Grant, ibid., 1928, 34, 226. 

“ Tomicek and F ddmann , Coll. Cssek. Cham. Comm., 1934, 6, 408 ; Deznarest 
and Rieman, Jnd. Eng. Cham. {Ancd.), 1931, 3, 15 ; Goodhue and Hixon, J. Amer. 
Cham. Soc., 1935, 57, 1688. 
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17 = + 6 log dr + lit at several c.d.’s, 17 being the appareat overpotential 

before correction. Uncertaintiea in this method are the value of b, which 
was assumed to be that in aqueous solution on a Cu cathode, and the 
assumed linear dependanco of on the logarithm of the c.d. The moaning 
of the results obtained in the ethereal S3rbtcm is thus less clear than those 
obtained in other systems. Measurements were carried out at room 
temperatures ( ± 5° c. over all expts.). 

Reproducibility of Results. 

Reproducibility was lowest in the aqut‘ous/non-aqucoiis mixtures and 
greatest in aqueous solution. The leart satisfactory S3rstem was that 
containing glycol and water in which the mean variation was ± 0-04 v. 
In general tiie reproducibility was about ± 0-02 v., and in aqueous solu- 
tions ± o-oi V. 

Results. 

Overpotential as a Function of the Solvent. — In the system methyl 
alcohol-H, 0 -HCl (Fig. 1), the addition of methyl alcohol first causes an 
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increase in the overpotential on a Pb cathode which passes through a 
maximum in the region of 45 % melhyl alcohol. A fairly sjnnmetrical 
decrease then occurs until for 100 % methyl alcohol the value of the 
overp oten tial is considerably less than that in aqueous solution. The 
same t3q>e of relation holds for the whole c.d. range examined. With Ni, 
vjen the c.d. is less than lo-* amp. per sq. cm. the overpotential is little 
affected by the solvent composition. For c.d. greater than lo-* amp. per 
sq. cm. there is a slow increase npon decrease of the water concentration 
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to an initial maximum at a composition of about 82 % methyl alcohol ; 
the values then pass through a minimum and finally increase at zoo % 
methyl alcoholic HCl to values somewhat greater than those for aqueous 
solutions. The overpotential on Pb and Ni cathodes at higher c.d. in 
methyl alcoholic HCl tend to the same values, thus illustrating that the 
normal orders of the overpotential values may be displaced in non-aqueous 
solutions (cf. Swann and Eddmann The behaviour in the system 
ethyl alcohol-H, 0 -HCl (Fig. 2) is analogous to that in methyl alcoholic 
solution except at the lowest c.ds. The value in zoo % ethyl alcoholic 
solution is considerably lower than that for aqueous solution, but the over- 
potential rises to a maximum at low ethyl alcohol contents, decreasing 
slightly to the value for pure aqueous solution. The lowering in zoo % 



ethyl alcoholic solution is slightly Iras than that in pure methyl alcoholic 
solution. At a c.d. of zo"* amp. per sq. cm. the behaviour at high ethyl 
alcohol contents resembles that for higher c.d., but now there is no maxi- 
mum. For Cu, there is a lowering in pure ethyl alcohol similar to that 
for Fb. For aqueous ethylene glycollic solutions (Fig. 3), there is a uniform 
t3q)e of variation for the hydrogen overpotentials on Pb, Ni and Cu. Here 
the ma-TriTTifl. found in the case of methyl and ethyl alcoholic solutions are 
replaced by minima. The Ni values are not greatly ajSected by the solvent 
composition. A sUg^t difierence only exists for the three metals between 
the values in ethylene ^yxxtUic and aqueous solutions. 

In formic acid solntim (Table I) the results observed for the less 
catalyticaUy-active Fb and the more catalytically-active Ni again differ. 
The values for Ni are increased and those for Pb decreased ; Cu behaves 
similarly to Pb. In the system, acetic add-H, 0 -HCl (Fig. 4), on Cu and 
Fb there is a continuous lowering of the overpotential on increase of acetic 
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TABLE I. — OVBRPOTBNTIAL IN FORMIC AciD AND EtHBRBAL SOLUTIONS OF 
Hydrogen Chloride. 


Material. 

Solvent. 

OvBipotential. 



c.d. 

Amp./sq. cm. 

IO-* 

IO~* 

5-IO-* 

io“'- 

Pb 

Water 
Formic acid 

Arj 

0-85 
0-82 
— 0-03 

ITO 

0*89 
— 0*21 

I-I4 

0-89 
— 0-25 

1*15 
0*86 
— 0*29 

Cu 

Water 
Formic acid 

At, 

1 

000 

6 

A » 0 

0-77 

o*6i 
— o*i6 

0*86 
O'Gs 
— 0*21 

0-88 

0-67 

— 0"2I 

Ni 

Water 
Formic acid 

Arj 

0-33 
0-55 
+ 0*22 

0*42 
0-59 
+ 0*17 

0*53 

0*63 

-f O'lO 

0*56 
0*65 
4- o-og 



C.d. 

Amp./sq. cm. 

IO“* 

5*io“* 

ro-» 


Cu 

Water 

Ether 

Arj 

0*04 

0*02 

— 0*02 

0*10 
0*07 
— 0-03 

0-15 
0*12 
— 0*03 
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acid content. For Ni there is a decrease in high acid contents giving place 
to an increase through a maximum at approximately 50 % acetic acid. 

In the system dioxane-HaO-HCl (Fig. 5) addition of dioxanc brings 
about a decrease of the overpotential on Pb with decreasing slope towards 
tlie aqueous value. As in some other systems, a greater efiect is observed 
at higher than lower c.d. For Ni a maximum is reached at a diuxane 
content of between 20 % and 40 %, according to the c.d., and then a rapid 
decrease towards the aqueous value. The ovcrpotonlial-solvent relation 
at a c.d. of io~* amp. per aq. cm. passes through a minimum at a solution 
composition of about 50 % dioxane. In ethereal solution (see Table I), 
there is a decrease of overpotential of about 0-04 v. in comparison with 
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Fig. 4. 


aqueons solution, in the c.d. range amp. per sq. cm., but this 

result rests upon the assumptions stated above. 

Summarising therefore, it seems that for the catalytically-inactive 
metal Pb the hydrogen overpotential is generally less in the non-aqueons 
solutions, and that for the aqueous/non-aqueous mixtures it sometimes 
has a tendency to pass through well-defined maxima or minima at inter- 
mediate compositions. For ^e low overpotential metal, Ni, the solvent 
has less effect and the oveipotential is either little changed or raised. The 
variations tend to be more complex. For the systems in which Cu has 
also been investigated, the general behaviour more closely resembles Pb 
than Ni ; this can be correlated with the b value for Cu, which is high, 
similarly to that for Pb. 

The Effect of the Solvent on the Overpotentlal-log Qorrent Denslly 
Relation^ — ^Plots of the overpotential log c.d. relation show that the 
Tafel equation applies essentially for solvents at the lower c.da. 
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the presence of an organic solvent, except for some aqueous/non-aquoous 
mixtures with ethyl alcohol. For the less catalytically-active metal, Ni, 
however, the general trend is for the slope to increase. In general the 
changes are less than those for Pb. The variation of the 6 value for Cu 
follows the tendency for Pb. The shape of the Tafel lines is not greatly 
affected by the solvent, but there is a reduced tendency for the overpotenti^ 
to reatch a limiting value independent of c.d. in some systems in which the 
overpotential is lowered. 

For a Pb cathode in anhydrous formic acid solutions, the overpotential 
is seen to decrease with increasing c.d. This is apparenily anomalous (but 
cf. HicMing and Salt,®-*®). 

The Effect of Stirring. — Stirring the electrolyte in the vicinity of 
the cathode by a stream of gas bubbles generally reduced the apparent 
overpotential at a c.d. greater than io“® amp. per sq. cm. The effect 
depended on the stirring rate until a critical rate after which no influence 
of bubbliug rate was observed. Cathode material and solvent affected 
the influence of stirring but no regularities were obvious. 

Long Time-Decay of Hydrogen Overpotential in non-aqueous/aqneons 
Mixtures. — ^Measurements were made of the decay of the hydrogen 
overpotonlial at long times (i.e. > few sec.) for systems containing methyl 
alcohol, ethylene gljmol, acetic acid, and dioxane. There did not seem to 
be any systematic variation in the rate or manner of the long-time decay 
of the cathode potential with \*ariation of the solvent (cf. Fig. 6). 


Discussion. 

It is possible to compaie the present results directly only with those of 
Hickling and Salt,® because the work of Lewina and Silberfarb “ and 
Novoselski was carried out at comparatively low c.ds. The results of 
the present measurements for Pb and Ni in glycoUic solutions agree ^en- 
tially with Hickling and Salt's results for Hg, Pb and Sn, these authors 
finding the overpotentials to be Uttle changed from those in aqueous 
solution. The results on Pb in ethyl alcoholic solutions, however, are not 
in accord with their conclusion that on the analogous metal Hg, there 
is no loweiing of oveipotential in alcoholic solvents. In so far as com- 
parison is valid, the present results agree with those of Lewina and Silberfarb 
and of Novoselski, who found a lowering of overpotential in alcoholic 
systems. 

The present work leads to the conclusion that the solvent effect on 
overpotential is a function of the cathode material as well as the solvent. 
It is consequently improbable that interfacial tension effects are involved 
as the metal-solution interfacial tension runs parallel to the gas-solution 
interfacial tension (cf. the Dnpr6 equation), and is therefore constant for 
different metals in solutions of the same composition. 

According to Gurney's * theory of irreversible electrode processes, the 
slow stage in oveipotential is regarded as the neutralisation of solvated 
hydrogen ions by dectrons from the cathode which reach the ion through 
tl^ potential energy barrier at the cathode. The final integrated form of 
Gurney's equation for Vg, the "interphase potential," contains terms 
representing the work fun^on of the metal, tiie solvation energy of the 
H+ ion and the ionisation energy of the H atom. Presumably, therefore, 
in the corresponding expression for riie overpotential, the two latter terms 
caned out as they occur in the same form in l^e expression for the reversible 
potential. It appears, therefore, that according to Gurney's theory, the 
solvent should have no influence on the potential. It may be emphasised 
that this discrepancy with experimental evidence is not to be accounted 
for by some eff^ of the solvent on the work function or ionisation energy 
terms because it has been psuticularly stressed that " though directly 
observed work functions and confoct potential diffdences are extremdy 
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sensitive to surjEace impurities it is not these sensitive values which are 
relevant (here), but no matter what the surface contamination, always 
the values for the pure clean metal.” ■■ Further, the more detailed version 
of Gurney's theory, which takes into account the application of the Frank- 
Condon principle to the mechanism of neutralisation of the solvated ion 
and introduces a &^or y (where y > i) before aU terms in the equation 
for the interphase potential, cannot form the basis of an interpretation of 
the solvent effect, for it concerns entirely the reaction 

H+ (solvent) H + n (solvent), 

and therefore should lead to an independence of a solvent effect on the 
cathode material. 

These remarks apply in a more general way to other, non-quantum 
mechanical, neutrali^tion theories of overpotential, and even if it could 
be shown that the ovexpotential were connected to the desolvation 
energy of the hydrogen ion, tiie theory would still be in disagreement 
with experiment. Thus Goldschmidt ■* has determined the way in which 
the hychoxonium ion concentration varies with composition in an ethyl 
alcohol-water mixture containing HCl and his results show that the 
variation in no way corresponds with the variation of overpotential in 
this s}r8tem. 

According to the reaction rate tiieory of oveipotential,* addition of 
methyl or ethyl alcohol, acetic acid, acetone, etc., to aqueous solutions 
breaks up the water structure in the vicinity of the cathode, and thereby 
lowers the energy of prototropic transfer of H+ ions to the cathode, which 
is raided as ^ rate-determining stage. A decrease of overpotential 
should therefore occur. This accords with some of the results obtained, but 
it is in marked disagreement with others : e.g. 20 % ethyl alcohol causes an 
increase on a lead cathode. In solutions in which hydrogen bonding 
between the hydrogen ion and solvent are absent it would be expected 
that a very considerable alteration in overpotesntial compared with that 
in aqueous solutions would ensue, yet in ethereal solutions on a copper 
cathode only a comparatively small lowering of overpotential is observed. 
The relation between the solvent effect and cathode material, also, does 
not seem to be in accord with the reaction rate theory. 

The atomic hydrogen theory of overpotential, which baa recently been 
interpreted in a new and powerful manner by Hickling and Salt,* would 
seem to offer, in a general way, a much more probable basis for the inter- 
pretation of the result, ou the grounds of ad^rption of the non-aqueous 
components from the solution by the cathode. It docs not seem un- 
reasonable to suggest that the adsorbed layer could act either as a positive 
or negative catal;^ according to whether its space-consuming or catalytic 
properties predominated. It is hoped that t.hiR view can be developed 
after further experimental evidence has been obtained. 

The author wishes to express sincere thanks to Dr. H. J. T. Ellingham 
for penetrating discussions of the work, and to Dr. A. Hickling for helpful 
comments on the paper. 


Summary. 

I. The hydrogen overpotential on Pb, Cu and Ni cathode has been 
measured at c.d. mainly from 10-® to lo-^ amp./sq. cm. in solutions of 
HCl in methyl and ethyl alcohols, ethylaoe glycol, formic and acetic acids, 
ether and dioxane and in mixtures of these with water except in the cases 
of formic add and ether. The long time-decay and the effect of stirring 
have also been examined in these systems, 

“ Fowler, Trans. Faraday Soc., 1932, a8, 371. 

“ Z. physik. Cham., 19x4, 89, 129. 
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2. On Pb the overpotential is graierally lowered in non-aqueous solvents 
and passes through maviTna and Tninima at intcrmediato compositions. 
On Ni there is generally a smaller solvent effect ; the tendency is usually 
an increase on addition of the non-aqueous component. The solvent effect 
on Cu resembles that on Pb. The shape of the Tafel lines is affected by 
the solvent to a limited extent for all these metals. 

3. The results do not seem to be in accord with inown versions of the 
neutralisation 01 reaction rate theories. It is suggested that a catalytic 
mechanism, in which the adsorbed solvent molecules influence the rate of 
the reaction H -f- H -»• H,, may form a basis for the interpretation of the 
results. 

R6sum6. 

(1) Le survoltage d’hydrog6ne sur des cathodes de Pb, Cu et Ni 
a 6t6 mesur6 k des densit^s de courant, principalement de lo”* k lo-^ 
amp. /cm.* dans des solutions de HCl dans les alcools m^thylique et 
6thylique, le glycol, les acides formique et ac6tique, I'^thcr et le dioxane 
et dans lours melanges avec I'eau, except^ dans le cas de I'acidc formique 
et des others. La d^croissance du ph 4 nomkne en fonction du temps et 
I'effet de I'agitaticn ont £t 4 aussi examines. 

(2) Sur Pb, le survoltage est g 4 n 6 ralement abaiss^ dans des solvants 
non aqueux et passe par des TnaviTua ou des minima k des compositions 
interm^diaires. Sur Ni, le solvent a un effet plus faible, habituellement 
un accroissement du survoltage par addition de solvent non aqueux. 
L'effet du solvent sur Cu ressemble k celui sur Pb. Le solvent affecte 
la forme des lignes de Tafel pour tous ces mdtaux. 

(3) Les r^sultats ne s'accordent pas avec les theories fondies sur la 
Vitesse de reaction ou la neutralisation, mais avec un m6canisme cataly- 
tique, dans lequel les molecules adsorb6es du solvent influencent la vitesse 
de la reaction : H -|- H -► H,. 

Zusammenfassung. 

(1) Die 'Wasserstoffiiberspannunjg an Pb, Cu und Ni — Kathoden in 
Ldsungen von HCl in Methyl- und Athylalkohol, Athylenglykol, Ameisen- 
skure, Essig^ure, Ather xmd Dioxan und (mit Ausnahme von Ameisen- 
skure und Ather) Gemischen dieser Lbsungsmittel mit Wasser wurde 
bei Stromdichten hauptskchlich zwischen io"i und 10-* A/cm.* gemessen. 

(2) Die t)berspannung an Blei in nichtwksserigen Solventien ist im 
allgemeinen niedriger als in Wasser und weist bei dazwisclicnliogenden 
Lbsungsmittelzusammensetzungmi Maxima und Minima auf. Cu vcrliklt 
sich khnlich. Bei Ni tibt das Lbsungsmrttcl in der Regcl emeu geringcren 
Einffuss aus. Gewdhnlich ruft die Beimischung des nichbvkssengcn 
Bestandteils eine Erhbhung hervor. Der Verlauf der Tafel’schen Linicn 
wild bei alien diesen Metallen bis zu einem gewissen Grad vom Lbsungs- 
mittel beeinflusst. 

(3) Diese Resultate scheinen nicht mit den bekannten Versionen der 
Theorien der Neutralisation oder Reaktionsgeschwindigkeit im Einklang 
zu stehen. £s wird vorgeschlagen, dass ein katal3rtischer Mechanismus, 
in dem adsorbierte Solvensmolekiile die Geschwindigkeit der Reaktion 
H -f- H -»■ H, beeinffussen, mbglicherweise eine Basis ftir die Erklkrung 
der Resultate liefert. 

Royal College of Science, 

Imperial College, 

London, S.W.7. 
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'When hydrogen is liberated electrolytically at a palladium cathode 
a portion appears as hydrogen gas and the remainder is absorbed into 
the metal. The relation between current density and electrode potential 
for this sjrstem has been investigated by Knorr and Schwartz ' who express 
their results in the form 


V = 


— b log 


AF+J 
AF ’ 


where -q is the oven-oltage, J is the current density, and A a factor denoting 
the rate of absorption the gas phase. This differs from the current 
density-potential relation for platinum electrodes only through the term 
AF, which would naturally be absent in the latter case as platinum does 
not absorb hydrogen to any extent. The reaction on palladium does not, 
however, appear to have been studied so exhaustively as that on platinum, 
and it was thought that, in view of the great absorptive powers of palladium 
for hydrogen, further e:!q)erixnents particularly with regard to the thermo- 
dynamic reversibility of the electrode might yield results of interest. 


Experimental. 

The cell and the electrical circuit used were the same as those described 
previously,* giving provision for the measurement of current and electrode 
potential. Aqueous solutions of sulphuric acid were used as electrolyte, 
made up from distilled water having a conductivity of about io“* mhos 
per cc. and Kahlbaum sulphuric acid previously distilled under reduced 
pressure. The solutions were saturated with hydrogen purified by passing 
through alkaline permanganate and alkaline pyrogallol, and then over 
heated pEilladiniaed copper. The gas was dried by passing over strong 
sulphuric acid and then through a liquid-air trap. The cathode of the 
cell was a piece of palladium foil welded to a palladium wire, which in 
turn was welded to a length of platinum wire, the latter being sealed into 
a soda glass tribe. Before filling the cell tlic solution was boiled under 
reduced pressure with a stream of hydrogen pasing through, to remove 
carbon dioxide and oxygen. The cell was then exlmusted by the water- 
pump and filled with hydrogen, after which tire solution was blown in by 
hydrogen pressure. 


Results. 

( 1 ) Cathodic Polarisation. — In N/5 sulphuric acid, with the electrode 
polarised cathodically, a linear relation b^ween the electrode potential 
and the logarithm of the current density was obtained over a range from 
io-‘ to IO-* amp. per sq. cm. At current densities below io““ amp. per 
sq. cm., however, the potential decreased less and less steeply as the current 
density decreased, t^ical curves being shown in Fig. i. The slope of 
the linear portion of the curve, h, was found to vary with the previous 
treatment of the electrode, and while it might be as low as 75 mv. for a 
freshly cleaned electrode, rose to about 200 mv. with continued use. 

^ Knorr and Schwartz, Z. Blektrochem., 1934, 40, 38. 

* Stoat, Trans, Faraday Sac., 1945, 41, 64, 
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The curves were reproducible to about 5 mv. for a given electrode provided 
the slope was not greater than about izo mv., but for greater slopes the 

reproducibility fell off considerably. The value of the factor ^ 6^" } 


varied correspondingly between o*8 and 0-5 over the range where repro- 
ducible results were obtained. Stirring the solution with hydrogen did 



not affect the potential, the current being held constant, and thus it appears 
that this is a case of activation overpotential.* 

It will be seen from Fig. i that the potential taken up by an unpolarised 
electrode is not in general equal to the reversible hydrogen potential, but 
may be either more or less negative. It was found that this potential 
was very dependent on the previous treatment of the electrode, being 
much more positive for a freshly cleaned electrode than for one subjected 

to prolonged cathodic polarisation, 
in agreement with results obtained 
by otiier workers.* 

(3) Anodic Polarisation. — On 
mal^g the electrode anodic, a 
similar relation was found between 
potential and logarithm of the 
current density, except that the 
slope was much gi eater than in 
the cathodic case. Fig. 2 shows a 
typical emeve with a = 0-3, and it 
be seen that as the current 
decreased the potential began to 
rise less steeply at about 10-® amp. 
per sq. cm. and finally became 
constant at about lo-* amp. per 
sq. cm. For current dei^lties 
below 10-® amp. per sq. cm. a 
linear rdation between potential 
and current density was found, for both cathodic and anodic polmisation, 
and a typical curve is shown in Fig. 3. the slope being 1*3 v. per ma. A 
linear ration between potential and c.d. has been found for hydrogen 
deposition on platinum,® and is to be expected if the net current is 

® Agar and Bowden, Awt. Reports, 1938, 35, go. 

® Coahn and %>echt, Z, Physik, 1930, 62, 1. 

• Volmer and wick, Z. physik. Chem. A, 1935, 4®9* 







H. P. STOUT 


109 


regarded as the difierence between the currents for deposition and solution 
of hydrogen ions. TaTdng these currents as 
ii = *a e 

and i, = 

the resultant is t = fj — i, — — for small rj. 

(3) Variation of Slope with 
Unpolarised Potential. — It was 
observed in some instances that 
during the cathodic polarisation 
the slope of the V/log i cur\'e 
appeared to increase ^ghtly as 
the unpolaiised potential became 
more negative. The efiect was 
s mall and difficult to distinguish 
from other changes in slope which 
axe always hablo to occur on pro- 
longed polarisation, and its signifi- 
cance could be judged only by 
the application of statistical tests. 

A large number of 7 /log i curves 
were therefore obtain^ for several 
diflEerent electrodes polarised for 
varying times, so that the un- 
polarif^ potentials covered a 
range of a^ut too mv., and the 
regression coefficient of slope on 
unpolarised potential calculated. 

The significance of the drSerence 
between this value and zero 
was then tested by the ” t” test.* Table I gives the details of the 
calculation. 

TABLE I 



Mean poll. agst. 
cal. r mv. 

300 

No. of pairs of 
observations 

49 

i 

Mean slope B mv. 

log 

No. of degrees of 
freedom 

47 

2;(7- f^)* 

72-1 X io-» 

n[27(7-7)*]i» 

13*9 X 10“* 


20-2 X ro"® 

s® 

4-r X 10-* 


21-3 X io“® 

t = rjs 

4*6 r 

Regression 
coefficient 
_ S{V-V){b-B) 

27(7- P)* 

0-21)5 

Value of t for 
-P = i% 

2-6 


The regression coefficient is 0*295, which means that a change in the 
unpolaiised potential of i mv. produces a corresponding change of about 
0*3 mv. in the slope of the 7 /log i line. The standard deviation of the 
regression coefficient is 0-064 giving a value for *' t ’’ of 4-61. The 
1 % level for 47 degrees of freedom is 2-6 and the observed value thus 
shows clearly that the regression coefficient is significantly greater 
zero. 

• Fisher, StaHsHcal Methods for Research Worhers, 7th edn., p. 146. 
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( 4 ) The Unpolarlsed Potential. — The experiments described give results 
very similar to those obtained for the dectrodeposition and electrosolution 
of hydiogen at platinum electrodes,’* * with the exception that whereas 
the unpolarlsed potential of a platinum electrode is generally within a 
few mv. of the reversible potential, the nnpolariaed potential of a palladium 
electrode may depart widely from this value. A freshly cleaned electrode 
may take up a potential as much as 6o mv. positive to the reversible 
potential, but on making cathodic for several hours at a cuncnt density 
of about 01 amp. per sq. cm. the unpolarised potential approaches the 
latter value and finally becomes more negative. On standing, however, 
the potential falls slowly to the reversible value where it remains constant, 
and by polarising the electrode anodically the potential fan be made more 
positive until it eventually teaches the origiaal value. 

The difference between the potential of an unpolarised electiode and 
the reversible hydrogen potential was thought to be connected with the 
hydrogen content of the palladium, although the possibility that im- 
purities deposited on the electrode might have some effect could not be 
overlooked. An experiment in which the effect of impurities was ruled 
out was then devised, consisting in the measurement of the potential of 
the inner surface of a palladium tube filled with sulphuric Eicid, when the 



outer surface was polarised cathodically. The apparatus consisted of a 
palladium tube 6 cm. long, 0*15 cm. in diam. and having O'OX cm. walls, 
each end being sealed into soda glass tubes with platinum sealing glass. 
The interior of the tube was filled with N./5 (approx.) ewid and connected 
to a calomel cell, the outer surface being surrounded by a bath of N./5 
acid and made cathodic in the latter at a current of o* i amp. The potentied 
inside the tube was then measured at different times, a potential-time 
curve so obtained being shown in Fig. 4. The potential was initially 
about 80 mv. positive to the reversible hydrogen potential, and rose 
steadily to a constant value about 30 mv. more negative than the latter. 
On switching off the polarising current, the potential fell fairly rapidly 
to the reversible value, where it remained constant. On polarising the 
outer surface anodically the potential fell slowly to more positive v^ues. 

From these results it seems dear that hydrogen produced at the outer 
surface of the tube diffuses into the metal and thus affects the potential 
of the inner surface, and the quantitative relation between the qu an t i t y 
of hydrogen m the metal and the electrode potential now remains to be 
determined. The former quantity may conveniently be obtained from 

’ Bowden, Proc. Roy. Soc. A, 1939, ia6, 107. 

' Yohner and 'Wkk, loo. cU. 
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the relative change in resistance, while the latter is measured against 
calomel in the usual way. 

Experiments were carried out with an electrode in the form of a loop 
of paUadium wire, the resistance being mezisured by comparing the 
pot^tials developed across it and a standard resistance in series when 
current was passed through the pair. Platinum potential leads were 
welded to the wire in order to avoid any ohmic potential drop being 
included in the resistance. Before use the wire was heated electrically 
in a high vacuum to remove any hydrogen contained in it, the heating 
beiug continued until the resistance became constant. The wire was 
then polarised cathodicahy for a given time at a current density of io“> 
amp. per sq. cm., and the potential against calomel measured with the 
current off. The solution was then forced by hydrogen pressure from 
the cathode compartment to the anode compartment and the resistance 
of the electrode determined. The solution was then returned to the 
cathode compartment and polarisation continued for a further period. 
The resistance was then re-measured, and the whole process repeated until 
a constant value of the resistance was obtained. The quantity of hydrogen 
iu the wire was estimated from 
data given by Kruger and Gehm • 
for the relative change in re- 
sistance with change in the ratio 
of atoms of hydrogen to atoms of 
palladium, assuming that the wire 
was originally free ffom hydrogen. 

The relation between potential 
and hydrogen content of the wire 
is shown in Fig. 5, and is similar 
to that found by Coehn and 
Specht.i* It will be observed 
that the reversible hydrogen 
potential is attained when the 
ratio of h3rdrogen atoms to pal- 
ladium atoms, r, is 0*35, and 
that the most negative potential 
reached corresponds to r equal to 
0*65. It w'as not found possible 
to exceed the latter value under 
the conditions of the experiment, and if Fig. 5 is compared with Fig. 4, it 
will be seen that the most negative potential attained by both wire and tube 
was the same, about 0*33 v., a value presumably charad»ristic of r = 0’65. 

If the ele^rode is acting reversibly, and taking up a potential corro- 
sponding to equilibrium between hydrogen ions in solution and hydrogen 
in the metal, the relative activity of the latter may be calculated from the 
equation 

PT 

- Oh. 

where E is the potential at activity 0^, and E„ is the most negative potential 
recorded. This equation defines the activity at the latter potential to 
be unity, a definition which is, of couree, quite a-rbitrary. The activities 
calculated in this way are shown plotted against the ratio of hydrogen 
to palladium atoms in Fig. 6, from which it will be seen that for r between 
o-io and 0*55 the activity is directly proportional to the hydrogen content. 

Discussion. 

The ejqpeiiroents described show that the electrodeposition and electro- 
solution of h3rdrogen at palladium electrodes are reactions exhibiting 

• Kruger and Gohm, Ann. Physik, 1933, I 74 * 

10 Codm and Specht, loc. cit. 
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activation overpotentdal, and that the kinetics are very similar to those 
for the corresponding reactions at platinum electrodes. A linear F/log i 
relation appears to hold for all states of activity of the electrode but there 
is no evidence to show that the absorption of h5rdrogen from the gas phs^ 
is important, as suggested by Knorr and Schwartz.^^ The potential 
taken up by an unpolarised electrode is dependent on the hydrogen con- 
tent of the electrode, becoming more negative as the hydrogen content 
increases. At such an electrode, hydrogen in the metal will be in equili- 
brium with hydrogen ions in the solution, via hydrogen adsorbed on the 
electrode surface. An increase in hydrogen content of the metal would 
be expected to cause an increase in the surface concentration of h37drogen, 
thereby sending the potential more negative, just as at a true reversible 
hydrogen electrode an increase in gas pressure sends the potential more 
negative, presumably by iacreasing the surface concentration. In the 
case of the palladium electrode, hydrogen in the gas phase would not be 
expected to exert any influence on ihe surj^oe concentration, as experiments 
on the absorption of hydrogen from the gas phase show that over the 
range of hydrogen content consid^ed the quantity of hydrogen in the 

metal is not con- 
troUed by the gas 
pressure. although 
the latter has a de- 
flnite value. “ 

The hydrogen ions 
discharge at the 
electrode may be re- 
moved in two ways, 
by absorption in ^e 
metal, and by the 
formation of gaseous 
hydrogen. In the 

case of absorption it 
has been shown 
that a rate-controll- 
ing process occurs at 
the metal-surface in- 
terface, except in the 
case of very active electrodes where the passage across the interface is 
rapid compared with diffusion in the metal. For electrodes activated by 
anodic polarisation and containing only a small concentration of hydrogen, 
it would be expected that the rate of absorption of hydrogen would have 
a maximum value determined by the rate of diffusion in the metal, and 
that as the current increases the rate of absorption would keep pace with 
it until the limiting rate is reached. At this point the alternative process, 
the formation of gaseous hydrogen, must commence if current is 
increased further, and this process follow the usual V/log i relation. 
As the concentration of hydrogen in the metal increases the rate of diffusion 
of hydrogen away from the metal-surface interfoce will decrease, and so 
the rate of absorption of hydrogen into the metal will decrease. Fin^y 
when r = 0*65 t^ rate of absorption into the metal is zero, and all the 
hydrogen must disappear in gaseous form. The electrode is now function- 
ing similarly to a platinum electrode, except thjLt the surface concentration 
of adsorbed atoms will be much higher. Whmi the current is cut off 
the dectrode will tend to take up the reversible hydrogen potential, with 
consequent decrease in concentration of adsorbed atoms. This decrease 
will be counteracted by hydrogen diffusing out from the metal to the 

- ^ Khoir and Schwartz, loc. oit. 

“ Gillespi® and Hall, J. Amer. Chem. Soo., 1926, 48, raoy. 
w Baner, Trow. Faraday Soc., 1940, 3d, 1233. 
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suriAce, but eventually the potential will fall to the reversible value, 
where it will remain. 

The fact that the slope of the V/log i line corresponding to the formation 
of gaseous hydrogen, increases as the potential of the unpolariaed electrode 
becomes more negative suggests that the rate-determining process in this 
case lies in the recombination of adsorbed atoms to form molecules. For 
an increase in slope means a decrease in a and this is associated with an 
increase in concentration of adsorbed atoms, as evidenced by the change 
in potential. Now on the simple theory of the recombination of atoms, 
K should equal 2, but it has been shown ** that tliis is only true for a sparsely 
covered surfece, and that for a surface which is approaching saturation 
a may be much less than 2, particularly if there are strong repulsive forces 
between the adsorbed atoms. Under such conditions, a would be expected 
to decrease as the concentration of adsorbed atoms increases, finally 
becoming zero as the surface becomes completely covered. 

Other rate-determining processes, such as ion neutralisation or the 
reaction between an adsorbed atom and an ion in solution, would be 
expected to be fecilitated by an increase in the concentration of ad- 
sorbed atoms, with corresponding increase in a, instead of the decrease 
as actually observed. Thus it seems likely that here the rate-controll- 
ing process in the formation of hydrogen molecules is the desorption 
of atoms. ' 

The condition of hydrogen dissolved in palladium is a matter of con- 
siderable interest, and the experiments described have some bearing on 
this point. The conduction electrons in palladium are in the s and d 
bands, and these overlap, the density of the d states, however, being 
much greater than that of the 5 states. It is considered that there are 
0'55 to 0*6 s electron per atom, which out of a total of 10 leaves 9'45 to 
9*40 electrons for the d band.^* As the maximum number of electrons 
which can be accommodated in the d band is xo, there will remain 
0‘55 to 0*6 vacant states per atom in this band. These vacant states 
account for the high paramagnetic susceptibility of palladium and, on 
alloying with hydrogen, this susceptibility decreases and becomes zero 
when about o-6 hydrogen atoms per palla^um atom have been added, 
presumably through the filh'ng up of the d band with electrons supplied 
by the hydrogen, which will therefore be completely ionised. Any further 
increase in hydrogen content means either that electrons will start to 
fill up the s ^tes, or that hydrogen atoms will dissolve un-ionised. In 
either case, as pointed out by Lacher,^’ this implies that one process of 
solution ceases at r == 0’6 approximately. The fart that under the con- 
ditions described it proved impossible to increase r above 0'65 is thus in 
good agrrement with these conclusions. So long as the hydrogen in the 
metal is ionised it might be relatively easy for an ion in solution to be 
transferred to the metal lattice, but if hydrogen atoms are required, the 
transfer from solution to metal might be much moie difiELcult, It may be 
noted that values of r as great as o«8 have been reported, but the system 
appeared to have been rather unstable under these conditions. 

The work described was carried out in the Laboratory of Physical 
Chemistry, Cambridge, and my thanks are due to Prof. Norrish for the 
facilities afiorded me. I am also indebted to Dr. J. N. Agar and Dr. 
F. P. Bowden for many valuable discussions. Acknowledgement is dno 
to the Chemical Society for grants for apparatus. 

1* Okamoto, Horiuti, and Hirota, Sci, Papers Inst. Phys. Chem. Res. Tokyo, 
1936. 39, 223. 

“Mott and Jones, Properties of Metals and Alloys (Oxford, 1936), p. igo. 

1* Svensson, Ann. Pkystk,, D933, 18, 299. 

Lacher, Prop. Roy. Soc. A, 0937, 161, 525. 

« Ben nett, J. Amer. Ckffm. Soc,, 1939, 61, 2683. 
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Summary. 

The electrodepositioii and electrosolution of hydrogen at paUadium 
electrodes in aqueous solutions of sulphuric acid are irreversible processes 
giving linear F/log i curves. The potential taken up by an unpolarised 
Sectrode is not the reversible hydrogen potential, but a potential deter- 
mined by an equilibrium between hydrogen ions in solution and hydrogen 
absorbed in the electrode, and is more negative the higher the concentration 
of the latter. The linear F/log i relation is considered to be due to a 
rate-determining process in the formation of gaseous hydrogen and for 
this, a decreases as the unpolarised potential becomes more negative. 
This is ascribed to an increase in concentration of adsorbed atoms, which 
under certain conditions will reduce the facility with which such atoms 
combine to form molecules. 

The maximum quantity of hydrogen taken up by palladium electro- 
lytically corresponds to a ratio of 0*65 atom of hydrogen to r-o atom 
oi palladium, in agreement with the view that hydrogen dissolves ionised 
its electrons going to £11 up the T^cant d states of l^e palladium, which 
number about o-6 per atom. 


R^sum^. 

Le d 4 p 6 t et la dissolution dlectrolytiques de I'hydrogfene h I’dlectrode 
de palladium dans des solutions aqueuses d’acide sulfurique sont des 
processus irrdversiblos, dont les courbes v = f (log i) sont des droites. 
Une Electrode non polaris 4 e prend un potentiel qui n'est pas le potentiel 
reversible de l’hydrog 4 ne, mais qui est d 4 teraun 4 par un dquilibre 
entre des ions hydrog^e en solution et des ions absorbds par I’dlectrode, 
et il est d’autant plus ndgatif que la concentration de ces derniers est 
plus grande. On considfere que la relation lin6aire t/ = / (log ») est dhe 
i un processus qui determine la vitesse, dans la formation d'hydrogene 
gazenx, et pour ce processus, a ddcroit loisque le potentiel de I'eiectrode 
depolarisee devient plus negatii. Ceci est attribue & un accroissement 
de la concentration atomes adsorbes, qui, dans certains cas, diminuera 
la facilite avec laqueUe de tels atomes se combinent pour former des 
molecules. 

La quantite maximum d'hydrogene que le palladium peut prendre 
eiectrol3>tlquement, correspond k un rapport de 0’65 atome d’hydrogene 
pour i-o atome de palladium, cn accord avec le point de vue selon lequel 
Thydrogene se dissout ionise, ses electrons allant remplir les positions 
vacantes du palladium, qui sont environ 0’6 par atome. 

Zusammenfassuiig . 

Die elektrolytische Abscheidung und elektrolytische Ldsung von 
WasserstoS an Falladiumelektroden in wdsserigen Schwefelsdureldsungea 
Sind irreversible Prozesse, die lineare F-log i Kurven ergeben. Die 
Spannung, die eine unpolariaierte Elektrode annimmt, wild von einem 
Gleichgewicht zwischen Wasserstoffionen in Ldsung und an der Elektrode 
absorbiertem WasserstotE bestimmt und wird umso mehx negativ je hdher 
die Konzentration des letzteren ist. Die lineare Beziehung zwi^en F 
und log t wird von einem gesdrwindigkeitsb^timmenden l^ozess in der 
Bildung des gasfdrmigen Wasserstofis hervorgerufen. Die Maximalmenge 
an Wasserstoff, die Palladium eldttrolytisch aufnehmen kann, ist 0*65 
WasserstoSatome per Falladiumatom. Dies bestSxkt die Anschauung, 
dass der Wasserstofi sich in ionisiexter Form aufldst ; ^ WasserstoEelek- 
tronen ftillw daan die leeren (f-ZustSnde in Palladium auf, dgreu A-nan.'hl 
u n gea hr o-6 pro Atom betragt. 
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The polarisation, or departure from the reversible potential, observed 
during the discharge of hydrogen ions at an electrode is generally con- 
sider^ to be due to three effects hitherto regarded as quite separate, 
viz., (i) hydrogen overvoltage, (2) concentration polarisation, and (3) 
resistance overvoltage. The characteristic features of these were review^ 
in 1938 by Bowden and Agar.^ Resistance overvoltage is due to the 
potential arising from the product of the polarising current and the 
resistance between the working cathode and the reference electrode. 
Whereas this potential at one time prevented the measurement of polar- 
isation in dilute solutions at high c.ds. (the resistance overvoltage could 
not be separated from the other polarisation terms), such measurements 
can now ^ made free from any resistance term by means of the recently 
developed technique of Hickling and Salt.** • The latter is an improve- 
ment of the commutator method using electronic devices both to interrupt 
the polarising current and to measure the minimum potential attained 
at the end of the period of interruption. Since no current flows during 
the period when the polarisation is measured, the results are free from 
the unwanted resistance term. By measuring the minimum potential 
for a wide range of periods of inteiraption (ali>ut io~* to o*i sec.) both 
the time-decay of the polarisation and the steady value may be obtained, 
the latter by extrapolation to zero time of interruption. 

Polarisation measurements up to high c.d.'s in relatively concentrated 
acids (to avoid concentration polarisation), made possible by this technique, 
have led to a revised theory of hydrogen overvoltage.* The polarised 
cathode is regarded as an atomic hydrogen electrode, whose potential 
is given by 

„ RT . „ 

TT = - 1-98 — -pr loge P, 

where -- 1-98 is the standard potential of atomic hydrogen and P the 
partial pressure (in atmos.) of atomic h3rdrogen at the dectrode. ‘1^ 
latter quantity is considered to be cormected with the amount of hydr^en 
adsorbed on the electrode by means of the adsorption isotherms. Inis 
interpretation satisfactorily relates the overvoltage, and its variation 
with c.d„ to the catalytic and adsorption properties of the metals studied. 

The same experimental method be^ used to measure concentration 
polarisation in relatively dilute acid solutions.* Concentration polarisa- 
tion has always been considered as an effect arising in the electrolyte, being 
the deviation of the dectiode potential from its reversible vadue caused 
by local concentration changes in the immediate vicinity of the electrode. 
This is in contrast to true overvoltage which arises at the electrode. Con- 
sequently it has been assumed '* * that concentration polarisation is 
independent of the nature of the electrode, but depends on electrolyte 
composition, c.d. and temperatiire. The principle of the method was 
to measure the total polarisation, free from resistsmee overvoltage, against 

> Bowden and Agar, Ann. Reports, 1938, go. 

■ Hickling, Trans. Faraday Soc., 1937, 33, 1540. 

B Hickl^ and Salt, ibid., 1941, 37, 450. 

* Hickling and Salt, ibid., 1942, 38, 474. 

* Coates, J. Chem. Soc., 1945, 484. 
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a reversible hydrogen electrode in the same solution, and to subtract 
the IsxLOvm hydrogen overvoltage for the given electrode material and 
c.d. (hydrogen overvoltage does not appear to vary appreciably with 
Closely similar concentration polarisations were obtained in 
this way using platinised platinum and tungsten electrodes in o-i n. HCl 
at 20° over a c.d, range from o to i amp. per sq. cm. Platinised platinum 
electrodes are particularly suitable for these measurements since the 
overvoltage term is low and deca3^ very slowly with time.® With such 
electrodes the effect of acid concentration from 0-05 to 0-2 n,, temperature, 
and the addition of neutral salts and weak acids, have been studied.® 

Polarisations observed in dilute acids containing excess neutral salt 
(e.g. 0*2 N. HQ + 2 N. KQ) are relatively easy to interpret. The potential 
increases slowly with c.d. up to a critical region where it rises very sharply, 
and fnally, in the region of o-8 to r v., it remains almost constant. At 
c.d.’s above the maximum rate at which hydrogen ions can reach the 
electrode by diffusion, the pn of the solution in the immediate vicinity 
of the electixKle rises sharply to the alkaline region where water has a 
high buffer capacity and hence the potential, after rising sharply, no 
longer changes rapidly with c.d. 

Polarisations in dhute acids contaixdng no added electrolyte, h3nlrogen 
ions being the only cations present, provide a more difficult problem. 
At c.d.s of the order of r to 2 amp. per sq. cm., polarisations of 0*7 to 0-9 v. 
have been observed in 0*05 n. HQ at 20° c. This degree of polarisation 
could not be due to a simple concentration difference since it would 
correspond, by the expression for the potential of a concentration cell 
with liquid junction, to an impossible electrode pu of about 40. Fmther, 
in the absence of any cations but hydrogen ions the electrode pK could 
not rise above 7 unless there were more negative than positive ions near 
the electrode. This polarisation was tentatively explained on the as- 
sumption that a slight degree of decttical imbalance was, in foct, brought 
about by sufficiently rapid d-ectrolysis ; this would result in a consider- 
able potmitial between the unbalanced layer of dectrol3rte near the 
electrode and the body of the solution, the la3^r being negative and hence 
facilitating the movement of hydrogen ions towcurds the cathode to the 
extent required by the c.d. imposed. It was suggested that the at 
the electrode did not rise above the weakly acid region, and that the 
greater x)art of the observed polarisation at high c.ds. was due to a diffuse 
double-layer potential set up by this slight electrical unbalance in the 
immediate vicinity of the electrode. 

The purpose of the experimental work described below was to extend 
concentration polarisation measurements to more dilute solutions of pure 
adds, with particular attention to the decay of the polarisation with time, 
an aspect not emphasised in the previous work. 

Experimental. 

The apparatus and method were similar in prindplc to those described 
previously.® The reference (reversible) h3rdrogen electrode was about 
3 sq. cm. in area and was platinised by a stmidard method.® The working 
dectrodes A and B were short lengths of platinum wire 0*0445 cm. diam. 
sealed into soda glass, and areas 0*098, and 0*102, sq. cm. respectively. 
The activity and freedom from poisoning of these ele^odes were tested 
by measurement of hydrogen overvoltage in n. HQ and by checking their 
potentials against a AgQ electrode (with precautions again^ the deposition 
of sQver on the platinum). 

The electrolyte was prepared from constant-boiling mixture HQ ; 
it was freed from air by bubbling purified hydrogen, through it, and was 
then kept under a hydrogen atmd^here in a reservoir attached to the 

• Fopofi, Kunz and &iow, J. Physic. Chsm., igaS, ja, 1056. 
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electrolysis apparatus. The platinum wire anode was separated from ^0 
remainder of the electrol3ddc cell by a sintered glass plate, and during 
electrolysis the anode products were removed by maintaining a steady 
flow of electrol3rte through the cell and out of the anode compartment. 
The all-glass cell was surrounded by a jacket through which water Jhom 
a thermostat was circulated. During measurements with the more dilute 
solutions at high c.ds. care was taken, by a more rapid flow of electrol5d:e 
and passage of current for short periods only, to avoid depletion of HCl 
in the cell. 

The electrical apparatus ^vaa similar to that previously described, 
with the exception that the interruption pulses were squared by application 
to the grid of a Mazda SP 41 valve. By this means square pulsra of quite 
definite length were obtamed (the pulses being delivered to the cell in 
the form of square interrujjtions of the otherwise steady polarising current). 
The electrical circuit has since been further improved and will be described 
in greater detail in a subsequent communication. 

Concentration of 
Itydrochlorlc Acid. — 

Polarisations at c.ds. 
up to 0-8 amp. per 
sq. cm. at 25°, measured 
over the concentration 
range o-oi to 0-05 n., 
are shown in Fig. i. 

These curves were ob- 
tained by plotting the 
observed polarisations 
against time of inter- 
ruption of the polan'sing 
current and extrapolat- 
ing to zero time. The 
sinall hydrogen over- 
voltage, as measured in 
N. HCl, was subtracted 
from the total polarisa- 
tion, leaving what we 
regarded as the con- 
centration polarisation. 

Tw’O points of interest 
arise from these curves, Fig- i- — E ffect of acid concentration on polarisation, 
first, the existence of 

maxima and second, the increase of maximum polarisations with acid 
concentration. Both the polarisation and the c.d. at the maxima increase 
linearly \vith the acid concentration. The decrease of potential at high 
c.ds. may be due to the increased stirring by gas evolution and to local 
heating at and near the electrode ; both these effects might be expected to 
decrease polarisation. 

Decay of Polarisation. — ^At all concentrations and c.ds. investigated 
the polarisation fell to a low value, of the order of o-i v. or less, by a tenth 
of a second after mterruptmg the polarising current. Some of the time 
decay curves measured with 0-02 n. HCl at 25® are shown in Fig. 2 ; these 
were selected as representative from a large number of experiments. The 
most remarkable feature of these curves is the transition, in the narrow 
c.d. range 0*05 to 0-075 amp. per sq. cm., between two wholly different 
types of time-decay. This b^aviour was observed quite generally ; 
some new process appears to take place at all c.ds. above a critical range, 
characterised by the maintenance of constant potential until nearly 
sec. after the polarising current is switched off. Between and 
T?lj- sec. the potential fa^ very rapidly, the curves for different c.ds. 
lying very close together. The transition between the two types of decay 
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curve correspoiids to an inflexion in the polarisation — c.d. curve, whic^ 
generally occurs at a potential in the region of 0-3 to 0-5 v. As the aad 

concentration is in- 
creased, the transition is 
observed at higher c.ds. 

Ageing of the Elec- 
trode. — Only one o£ the 
two electrodes originally 
prepared was used foi 
all the experiments so 
far d^ribed, while the 
other was kept in dis- 
tilled water for com- 
parison purposes should 
any suspicion of poison- 
ing arise. However, the 
apparatus was designed 
carefully to avoid any 
risk of poisoning, and 
there is no evidence that 
the electrode at any 
time became poisoned. 
Furthermore, ^e time- 
Fig. 2. — ^Time-decay of total polarisation ; 0*02 n. decay curves obtained 
HQ, 25", electrode A. with tliis electrode (A) 

diher in a radical and 

striking manner from the very rapid polarisation decay characteristic of 
poisoned platinised platinum electrodes.® Poisoned electrodes also become 
highly polarised even at 
low c.ds. of the order of 
10-® to io“* amp. per 
sq. cm. 

An experiment with 
electrode B (kept nine 
weeks in distilled water) 
gave wholly difierent 
time-decay curves from 
those given by electrode 
A, although the polar- 
isation — c.d. curves did 
not differ significantly. 

The behaviour of dec- 
trode B was similar to 
that shown by the 
middle pair of curves 
in Fig. 3, in contrast to 
the top curve of the 
same figure, which was 
characteristic of dec- Fm. 3. — ^Ageing of electrode with use; 0*02 n. HCL 
trode A under the same 0'35 P«r sq. cm., 25" ; time-decay of polarisation, 
conditions. This re- — O — Electrode A, after use in many experiments, 
markable result led us — Electrode A, replatuused and polarised 150 
to perform the following min. at 0.4 amp. per sq cm. in 0*03 n. HQ at 25°. 

experiments to investi- — #— Electrode B, replatiniaed and k^t in distilled 
gate this hitherto quite water until us^ 
nnsnspected agdng Dotted lines— see text 
effect. Both dectrodes 

were deaned and rcrolatinised by identical procedures. Electrode A was 
polarised in 0*02 n. HCl for 130 min, at 25** at a steady c.d. of 0*4 amp. 
per sq. cm. (taking the usual care to avoid any contaznination by anode 
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products), while electrode B was put aside iu distilled water. A set of 
polarisation measurements was then made in the same acid at 25®. The 
difierence between the electrodes are most clearly revealed in "^e decay 
curves, those for a c.d. of 0*35 amp. per sq. cm. being shown in Fig. 3, 
in which the dotted lines represent a second series of measurements, after 
electrode A had been subjected to a further 150 min. polarisation under 
the same conditions, electrode B again having been put aside in distilled 
water. Polarisation-c.d. curves are shown in Fig. 4, the top curve 
having been obtained with the original electrode A, the middle one with 
electr^e A freshly platinised and aged at 0-4 amp. per sq. cm. for 150 min., 
and the lower curve with electrode B freshly platinised but not aged. 

The freshly platin- 
ised electrode B shows 
the greatest contrast 
with earlier results, 
particularly in its very 
rapid time-decay with- 
out any trace of a 
horizontal. The aged 
electrode A also shoAvs 
an initial rapid decay, 
but its decay curve 
now includes a hori- 
zontsd part followed 
by a rapid fall. After 
polarisation for a 
second period of 150 
min, at 0*4 amp. per 
sq. cm., the horizontal 
p^ is raised a few 
centivolts. Appar- 



ently even the small 
amount of use to which 
electrode B was put 


Fig. 4, — ^Effect of electrode ageing on polarisation; 
0*02 N. HQ, 25®. 


duting the polarisation 

measurements was sufficient to raise its decay curve slightly. It is in- 


teresting to note that, after storage in distilled water for nine weeks, 
electrode B behaved in a very similar way to electrode A after re-platinis- 


ing and ageing by 150 min, polarisation. To establish that the electrodes 
were not poison^, hydrogen overvoltages in n. HCl were measured with 
both electrodes ; these were quite normal and in agreement with the 
values measured by Hickling and Salt.^ 


Discussion. 

These results confuse the distinction between hydrogen overvoltage 
and concentration polarisation. In this and earlier work, large pok^- 
isations have been observed at platinised platinum electrodes in dil. HCl; 
since hydrogen overvoltage, as that term is generally understood, certainly 
does not vary with to an extent which would account for such, 
large potentials, these have previously been ascribed to concentration 
polarisation. However, concentration polarisation has always been 
regarded as an effect arising in the electrolyte independent of the nature 
of the electrode. The experiments on electrode ageing show that the 
polarisations do, in fact, depend on the state of the electiode. Thus, 
two electrodes which have overvoltages of the order of 0-07 v. in n. HCl 
at 0*35 amp. per sq. cm. show different polarisations in 0*02 n. acid (at 
the same c.d.) and the corresponding time-decay curves are strikingly 
different. 
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On the atomic hydtogeu theory of overvoltage it might be supposed 
that the polarisation is due to an accumulation of atomic hydrogen on, 
or near, the surhice of the electrode. On tliis theory it must be explained 
why a higher concentration of atomic hydrogen should be attained in 
dilute th^ in concentrated acid. The low over\'oltage of platinised 
platinum (in n. HCl) has been explained by the high rate at which ad- 
sorbed hydrogen atoms combine together owing to the catalytic activity 
of the surhice ; this results in a low stationary surface concentration of 
adsorbed atomic hydrogen aiid hence a low overvoltage. 

In dilute acids and at high c.ds. it can be assumed that the electrolyte 
concentration within a small distance of the electrode is very small, even 
approaching zero. It is probable that under these conditions the greater 
part of the steady polarising current is maintained by the neutralisation 
of oxonium ions some distance up to about jo a. from the electrode. 
Neutral H,0 is more likely to decompose into atomic hydrogen and water 
than into molecular hydrogen and hydroxy radicals, since the O — 
bond energy is a few Kcal. per mole greater than that of H,. Some of 
the liberate hydrogen atoms would combine in the solution and the rest 
at the electrode surface. The essential point is the existence of a region 
near the electrode free from acid and containing an appreciable con- 
centration of hydrogen atoms. The potential of the electrode would be 
negative with respect to a reversible hydrogen electrode in the body of 
the electrolyte as it Avould be acting as an atomic hydrogen electrode, 
the negative potential being logarithmically proportional to the activity 
of the atomic hydrogen and linearly proportional to the />h of the solution 
in contact with the electrode (the latter is probably near 7 ). The negative 
electrode potential is balanced bj' positive oxonium ions in a diffiisft double 
layer situated some distance from the electrode in the region where the acid 
concentration begins to he appreciable. 

The Mechanism of Molecular Hydrogen Formation. — ^It can safely 
be assumed that before electrolysis begins, the electrode surface is covered 
with an adsorbed layer of water molecules, possibly containing oxonium 
or chloride ions in addition. During electrolysis many of these adsorbed 
molecules and ions are likely to be displaced by hydrogen atoms. Ad- 
sorbed atomic hydrogen is believed to form molecular hydrogen by two 
mechanisms ; * 

(а) by surface catalysis, adsorbed atoms moving over the electrode 
surfcwe until they meet and react. The surface mobility of adsorbed 
atomic hydrogen is, ho\vevcr, open to some doubt ; 

( б ) by the dectrochemical mechanism, M — ^H-|-H,0+ 

which is considered to bo the main process when an appreciable fraction 
of the available surface is occupied by adsorbed hydrogen. 

Whereas in concentrated acid both mechanisms may account for the 
formation of molecular hydrogen, in dilute acid at hig h c.ds. the electro- 
chemical mechanism cannot operate owing to the absence of ovnniTiTu 
ions at the electrode. In this case adsorbed atomic hydrogen is probably 
removed by direct reaction with dissolved atomic hydrogen, a reaction 
likely to have a very low activation energy and therefore to be rapid. 
Hydrogen atoms can probably also combine in solution, the dissociation 
energy of hydrogen being less than that of water. 

The Time-Decay of Polarisation. — During the passage of current, 
hydrogen atoms and water are adsorbed on the electrode, and hydrogen 
atoms ^ present in the water near the electrode. Hydrogen molecules 
are beiag formed by reaction between dissolved hydrogen atoms, by 
reaction between adsorbed and diraolved hydrogen atoms, n-rirt perhaps 
by the catalytic mechanism. There will be a {stationary concentration 
(for constant c.d.) of adsorbed atomic hydrogen, replaced from solution 
as fast as removed ; and a stationary concentration of dissolved atomic 
hydrogen, maintained by hydrogen atoms newly formed at a diatfaTiriA 
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from the electrode. The electrode potential is negative on account of 
the electromotive activity of the atomic hydrogen. 

To find a mechanism for the dischaxge of the electrode when the 
polarising current ceases, it is necessary to consider how the electrode 
can lose its negative charge to the solution, or equivalently, how the 
double layer can collapse. The moment the externally imposed current 
ceases, acid ions situated at a distance from the electrode are able to 
migrate towards it without being neutralised. The potential of the double 
layer would be maintained, as it contracts, by the addition to it of more 
oxonium ions as hydrogen atoms lose electrons to the electrode. This is 
likely to occur since any fe.ll of electrode potential would result in the 
ionisation of h3’drogen atoms situated favourably with respect to water 
molecules for the formation of oxonium ions. Thus the electrode potential 
would tend to remam relatively constant until the double layer has con- 
tracted to a thickness of molecular dimensions and the oxonium ions 
can be discharged by collision with adsorbed hydrogen atoms or by the 
catalj^c mech^sm. It is difficult to form any estimate of the probable 
duration of such a potential decay process, as the initial conditions are 
not known. 

Perhaps the most remarkable feature of the time-decay results is the 
constancy of potential for well-aged electrodes over the first sec. 
(at high c.ds.) . YTiereas this may be due to the maintenance of a balance 
between the charge and thickness of the double layer, it might alter- 
natively be due to the persistence of a complete filrn of adsorbed hydrogen 
for the requisite time. 

The above discussion does not inteipret many features of the polar- 
isation measurements, particularly the remarkable dependence of time- 
decay on the state of the electrode, but we prefer to postpone further 
consideration of the subject until measurements now being made with 
other electrode materials have been completed. 

The authors wish to thank Prof. W. E. Gamer, F.R.S., and Dr. D. D. 
Eley, for helpful discussions. 


Summary. 

The polarisation of platinised platinum cathodes has been measured 
in o-oi to 0-05 N. HCl acid at 25”. The polsmsation — c.d. curves have a 
maximum, and an inflexion at about 0*3 to 0’5 v. 

The curves shoiving lie time-decay of polarisation on interruption 
of the polansing current indicate a rather sharp transition between two 
lypes of electix^e process ; this transition corresponds to tlie inflexion 
in the polarisation — c.d. curves. 

Freshly platinised electrodes behave differently from electrodes which 
have been aged by continuous cathodic polarisation. This diflference is 
most clearly revealed in the time-decay of the polarisation at high c.d. ; 
a fresh electrode shows a rapid initial decay to a low potential, while a 
nmch used electrode remains at a constant potential until about sec. 
after the interruption of the polarising current — when the potential 
very rapidly. ^ Thfe dependence on the state of the electrode indicates 
that the polarisation is not a true concentration polarisation, i.e. is not 
due solely to concentration changes in the solution. No satisfactory inter- 
pretation of the results has been obtained. 


R68uni6. 

polarisation de cathodes en platine platind a 6t6 mesur6e rlauff 
HCl de normality o-oi k 0’O5. Les courbes de polarisation pr6sentent 
un maxim um et im point d'inflexion, ce dernier k environ 0’3-0'5 v. Les 
courb^ de la depolarisation par interruption du courant polarisant en 
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fonction du temps indiquent une transition entre deux types de processus 
k r^lectrode, transition qui correspond au point d 'inflexion mentionnS 
plus haut. Les dlectrodes fraicliement platin^es se comportent difE^rem- 
ment d’61ectrodes qui ont 6t6 " vieiUies " par une polarisation cathodique 
continue, la difl^rence 6tajit r6v616e plus clairement par la courbe de- 
polarisation-temps, apr^s une polarisation k haute density de courant. 
Ced indique que la polarisation n'est pas dfle seulement aux changements 
de concentration de la solution, Tnais ces r^sultats n'ont pas encore ete 
interpretes de maniere satisfaisante. 

Zusammenfassung . 

Die Polarisation von platinierten Platinelektroden wurde in 0-01-0*05 n. 
HCl bei 25® c. gemessen. Die Polarisations — Stromdichtekorven weisen 
ein Maximum, und bei 0-3-0-5 v. einen Wendepunkt auf. 

Die Kurven, die den zeitiichen Verlauf der Abnahme der Polarisation 
nach Unterbredhung des Polaiisationsstroms darstellen, deuten auf einen 
plOtzlichen Dbergang zwischen zwei Arten von Elektrodenvorg&ngen 
hin. Dieser tlbergang entspricht dem eben erw&hnten Wendepunkt. 

Frisch platmierte Elektroden verhalten sich anders als Elektroden, 
die durch andauemde kathodische Polarisation gealtert worden sind, 
was sich besonders deutlich am zeitiichen Verlauf d^ Polarisationsabnahme 
bei hohen Stromdichten zeigt. Es folgt hieraus, dass die Polarisation 
nicht uur duich Konzentrationsveranderungen in der L&sung verursacht 
wird. Eine befriedigende Erkklrung dieser Resultate ist bisher nicht 
gegliickt. 

Department of Physical and Inorganic Chemistry, 

The University, 

Bristol, 
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ANODIC POLARISATION OF PLATINUM 
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The available e\-idence, which has been reviewed elsewhere,^ suggests 
that there is no single process for the cathodic liberation of hydrogen, 
which is applicable at all electrodes. It is probable that most of the pro- 
cesses which are theoretically possible may occur at one or other electrode, 
the one which actually occurs being naturally that which has the greatest 
rate in the circumstances. It is a matter for experiment to discover which 
process actually occurs in a given case. 

The possible processes may be listed, perhaps not very accurately, as 
follows. 

(i) Discharge of hydrogen ions, giving free hydrogen atoms which are 
not appreciably adsorbed on the electrode, and combine with each other to 
form molecular hydrogen : 

^ See the author’s Eledroc^fiUarity : The Chemistry and Physics of Electrodes 
and other Charged Surfaces, Ch. VI. (Methuen, 1940.) 
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Gumey * in his well-known quantum-mechanical treatment investigated 
the condition under which hydrogen ions (HgO+) are neutralised to free 
hydrogen atoms. 

(2) The hydrogen ions give rise on neutralization to hydrogen atoms, 
adsorbed on the electrode,® which process may be represented as follows: 

There now follow a number of possibilities. 

(fl) The adsorbed h5'drogen can be desorbed as H, at a rate equal to 
its rate of deposition : 

M 

(6) The rate of desorption from the electrode surhuie, even when 
saturated \vith hydrogen is less than the rate of formation of neutral 
hydrogen. The metal will then be completely covered with adsorbed 
hydrogen and some other process must come into operation, such as 

(a) The discharge of hydrogen ions to form free hydrogen atoms, 
similar to process (i), except that it now occurs at a surface covered with 
adsorbed hydrogen rather than at the uncovered metal. Molecular 
hydrogen is formed by the union of two such tree atoms : 

(M— H)H+ -h e -► H ; 2H == H, 

{fi) Molecular hydrogen is formed by the combination of a free hydrogen 
atom with an adsorbed hydrogen atom. Various mechanisms have been 
suggested, e.g. 

M— H -f H+ -f e = M + H, » 

M— H- -f H+ = M -I- H, • 

(y) A second layer of more loosely attached adsorbed hydrogen is 
form^, in which molecular H, formation can occur more readily : 

M- H . . . . H M- H 
M-H 

M~H . . . . H M- H 

There are no doubt other possibilities, and other ways in which they 
could be formulated, but the decision as to what happens at a pEirticular 
electrode must be an experimental one. It is necessary to seek to discover 
the amount and state of the adsorbed, or otherwise attached, hydrogen 
at the electrode. The practical methods available at present for obtaining 
this t3q)e of information are rather limited. They may be listed as follows. 

(1) The polarisation curves (electrode potential-time), during the for- 
mation (cathodic) of hydrogen at the electrode, or the ionization (anodic) 
of hydrogen previously deposited, may help to distinguish the process 
occurring." 

(2) The decay of electrode potential with time at open circuit will 
mdicate the existence of electromotively-active products.’ 

(3) The deuterium-hydrogen separation factor differs for the various 
processes and may enable them to be distinguished. " 

All the evidence obtained in these ways cannot be reviewed here. 

* Gumey, Proc. Ray. Sac. A., 1931, 137, 132. 

* Butler, Trans. Faraday Soc., 1932, aS, 379. Hammett, ibid., 1933, 39, 
770. Erdey-Graz and Volmer, Z. physih. Chem. A., 1930. 150, 203. Butler, 
ibid., 1936, 1 S 7 , 432. 

* (a) Horiuti and Okamota, Sci. Pap. 1 st. Physic. Chem. Res., Japan, 1936, 

38, 231. 

(6) Bttll. Chem. Sac., japem, 193S, 13, 216, 228. 

* Heyiovski, Rec. Trav. Chim., 1923, 44, 499 ; 1927, 46, 528 ; CoW. Czech. 
Chem. Comm., 1937, 9, 273. 345- 

•Bowden, Proc. Roy. Soc. A„ 1929, 125, 446 ; Butler and Armstrong, ibid., 
1932. *37. 904 : 1933. *43. 89. 

’ Amutrong and Butler, Trans. Faraday Soc., 1933. 39, 1261. 

* Horiuti and Okamota, ref. (4a) ; Butler, Z. Ele^ochem, 1938, 44, 35. 
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Tt may be mentioned, however, that at mercury electrodes a careful 
examination * did not reveal any deposition of adsorbed hydrogen at poten- 
tials below the normal overvoltage, and the decay of the hydrogen over- 
voltage does not reveal the presence of hydrogen in any ” active '' form, 
unless it is quite short-lived. Probably mechanism (i) is adequate for 
mercury and similar high overvoltage metals. 

On the other hand, at reversible hydrogen electrodes there is clearly 
a mobile equilibrium between hydrogen ions on the one hand, and molecular 
hydrogen dissolved in the solution on the other. If both anodic and 
cathodic processes can occur without a very great displacement of the 
potential from the reversible value, it is evident that the electrode pro- 
cess is of the type 2a. 

As is well-known, this reversible process occurs very readily at plat ini zed 
electrodes, but it has been known for a long time that bright platinum 
electrodes t'An also be brought into a state in which they exhibit reversi- 
bility, This type of activation of the electrodes can usually be brought 

about by anodic polarisation 
in the presence of dissolved 
hydrogen. Usually elec- 
trodes which have been 
activated in this way, 
gradually lose their activity 
on standing. Since it has 
been shown that the deposi- 
tion of impurities, such as 
arsenic, on the electrode 
destroy the activity, it may 
be inferred that the " activa- 
tion ” process consists in re- 
moving foreign material, 
although there may be other 
factors involved.^* 

0 2 4 6 8 K) The phenomena to be 

Coulombs X JO described were encountered 

Fio. 1. — ^Anodic oscillogram of platinum elec- in the course of a long 

trode (o*5 cm.*) in dilute sulfuric acid. series of experiments which 

had as their object tho 
determination of the actual state of hvdrogen at platinum and other 
electrodes, where hydrogen evolution was taking, or had taken, place. 

With very large and very small anodic currents the behaviour is com- 
paratively simple. Anodic polarisation with large currents (Fig. i) shows 
a linear process (a) indicating the removal of a single layer of a^orbed 
hydrogen and at more positive potentials, the deposition in its place of 
adsorbed oxygen.^* With very small currents the potential may stay 
indefinably near the reversible hydrogen potential, molecular hydrogen 
diffusing up to the electrode to replace that used up. However, as in- 
dicated above, the electrodes usually gradually lose their activity under 
these conditions and after a time the potential can no longer be maintained 
near the reversible hydrogen value. 

With intermediate anodic currents very complicated phenomena occur. 
If the electrode is active to begin with, the potential remains at first near 
the reversible hydrogen value (Fig. 2b), but if the hydrogen is used up 

* Barday and Butler, Trans. Faraday Soc., 1940, 36, 12S. 

1 ® Beans and Hammett, J. Amer. Cham. Soo., 1925, 47, 145 ; Hammett, 
ibid., 1924, 4^t 7 ; Hammett and Lorch, ibid., 1933, 55, 70 ; ^wdm, Proc. Roy. 
Soc. A, 1929, 123, 1 ^ 6 ; Butler and Armstrong, J. Chem. Soc., 1934, 743. 

H Vohner and Wick, Z. physik. Chem. A, 1935, 173, 429. 

“Armslroiw and Butler, J. Chem. Soc., 1934, 743. 

“Inc. ci<.,“ also Pearaoii and Butler, Trans. Faraday Soc., 193S, 34, 1163 ; 
Barclay and Butler, loc. eit.* 
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near the electrode faster than it is replenished by diffusion, the potential 
eventually falls and becomes steady again at about + 0*4 v. It is obvious 
that an altemalive anodic process is encountered here. Since the potential 
is still too negative for the deposition of oxt’^gen (which begins at about 
+ I'OV.) and the process at -f 0-4 v. is too lengthy to be accounted for 
as the depyosition of impurities from the solution ; it must be an alternative 


process for the ionization of 
hydrogen. It has been shown 
that the source of the hydro- 
gen in this case is that dis- 
solved in the electrode metal. “ 
At this point a long senes 
of periodic changes may occur 
in which the potential oscil- 
lates between the reversible 
value 0-0 and the alternative 
value 0-4 V. The interpreta- 
tion of this phenomenon is 
that when the alternative pro- 



cess begins it gives an oppor- 
tunity for the molecular hydro- 
gen to reach the electrode 
again by diffusion and so 
re-establish the reversible 


Fig. 2 . — ^Anodic polarisation of bright platmum 
electrodes in dilute sulphuric acud satur- 
ated with hydrogen. 

A, current, 62 x to”' amp. ; B, current, 




-/J 3^ 


y? 16 
</OOOi¥C. 


potential. After a consider- 
able number of these oscillations the electrode loses its activity. It can 
no longer return to the reversible potential and the potential falls to more 
positive values at which oxygen is deposited. However, sometimes the 
electrode becomes reactivated at this point and the potential may rise 
once again to the reversible value, followed by the whole series of 
periodicities, HTtft Fig. 26 again. It may, however, fail to become re- 
activated and the poten- 
^ 1 I I 1 I I I 1 I I then remain per- 

j JvJvWNJw'^ “^8“ 

ffj- ® jr— In the second type of 

o (jL ' 'a periodicities the electrode 

- ^ <. J J J J \j u \ — ! \ — anodic polarisation, the 

3 7^ Til potential falls at once 

o-£\ r\ ^ r\ o^gen region. 

o-e- y \_j \ ^ This gives it some shght 

to ^tivity and the ^ond 

17, Aj- e,.., some hydrogen 

Fig. 3.--AM(hc ^ol^tion of bnght platinum ionization occurs between 
electrodes m hydrogen atmosphere. and ^ ^nd the 

00^ X 10 ’ amp. ; B, 290 x 10“' amp, ; electrode becomes acti- 

C. 880 X io-» amp, ; D, 7630 x io-» amp. vated at about o-8 v. In 




2'0 sec. S'O 

Fig. 3. — ^Anodic polarisation of bright platmum 
electrodes m hydrogen atmosphrae. 

A, 5*5 X 10“’ amp. ; B, 290 x 10“' amp, ; 

C, 880 X 10“^ amp. ; D, 7630 x io~* amp. 


this series the electrode 
becomes more active and the amount of hydrogen ionized in each " period " 
increases, but the ionization process occurring at 0-4 remains short and 
is never as fully developed as in example 26. The reason for this is 
probably the small amount of hydrogen dissolved in the electrode. 

Other types of periodicities have also been observed. In the series 
shown in Fig. 3a the periodicities began only after a very long period of 
anodic polarisation (> 10,000 sec.). Once begun they are of the same type 
as those of Fig, 26. With larger currents the periodicities have a much 
shorter period and lose their charactoristic shapes. Fig. 3 (i), (c) and (d) 



1S6 ELECTROCHEMICAL PERIODICITIES 

are examples obtained with an Einthoven tring galvanometer, with 
comparatively large cnrrents. 

To sum up, the experiments indicate that there arc two distinct pro- 
cesses whereby the ionization of hydrogen occurs at the same platinum 
electrode and oscillations, determined by the mechanics of diffusion, 
may occur from the one to the other. Smce there are two distinct pro- 
cesses, with potentials differing by o-4-o-5 v., the energy of bonding of the 
hydrogen to the electrode must differ correspondingly. Thus, if the pro- 
cess near the reversible potential involves adsorbed hydrogen, that at 
-}- 0*4 V. involves hydrogen more firmly bound to the electrode by about 
10,000 cal. Since oscillations occur between these two processes, the 
electrode remains active, i.e. capable of exhibiting the reversible hydrogen 
electrode potential if sufficient hydrogen is present. The gradual loss of 
this activity is, however, a distinct phenomenon and may be due to the 
deposition of impurities on the electrode since reactivation occurs at about 
■4- 1*0 V., at which such impurities may be removed or oxidised. It is 
significant that the deposition of oxygen on the electrode begins at thLs 
point, and it is quite possible that this oxygen plays a necessary part in 
the re-activation process. 


R4sum6. 

Pour determiner I'etat de Thydrogene aux electrodes de Pt, des ex- 
periences ont ete faites sur leur polarisation anodique. Les r6sultats 
obtenus it hautes densites de courant montrent I’existcnce d'une couchc 
atomique d’hydrogene adsorbe. Avec des densites de courant mferieurcs, 
la quantite d’hydrogene ionisable est considferablement plus grande et 
doit etre en partie dfie 4 de rhydrog^ne diffusant de la solution et de 
rinterieur du metal vers Tinterface. Avec de faibles densites de courant, 
on observe, aux electrodes actives, des changements de potentiel periodiques 
tres complexes, dfis partiellement k la periodicite de la diffusion de I’hy^o- 
gene de la solution et partiellement an &it que I'eiectrode devient graduelle- 
ment inactive, puis active k nouveau, quand le potentiel de depdt de 
I’oxygene est atteint. L’inactivation a probablement pour cause le 
depdt d'impuretes metaUiques sur I'eiectrode, tandis que le processus 
d’activation correspond k leur deplacement. 

Zusammenfassimg. 

In einem Versuch, den Zustand des Wasserstoffs an Pt-£lektroden 
aufzuklSxen, -wurden Messungen der anodischen Polarisation solcher 
Elektroden untemommen. Versuche bei hohen Stromdichten zeigen 
die Gegenwart einer atomdicken Schicht von adsorbiertem Wasserstoff, 
wShrend bei niedrigeren Stromdichten die Mcnge an ionisierbarem 
Wasserstoff weitaus grdsser ist und zum Teil auf Wasserstoffdiffusion von 
der Ihsimg her oder aus dem Innem des MetaUs zurfickzufiihren sein muss. 
Bei sehr Heinen Stromdichten und aktiven Elektroden treten sehr kom- 
plizierte periodische Potentialverfinderungen auf, deren Ursprung zum 
Teil in Feriodizitaten in der Wasserstoffdiffusion aus der Ldsung und 
zum Teil in der langsamen Inaktivierung der Elektrode und Wiederher- 
stellui^ der Aktivitfit nach Erreichung des Saueistofiabscheidungs- 
potent^s zu liegen scheint. Die Inaktivierung wird wahrscheininlich 
dutch die Abscheidung von metallischen Verunreinigungen an der Elek- 
trode veruxsacht und Wiederaktivierung dutch deren Entfemung, 
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GENERAL DISCUSSION 

Dr. A. mcicHng ^ [Liverpool) said : All the supporters of the slow- 
discharge theories of hydrogen overvoltage seem to make the hasic as- 
sumption that the relation between overvoltage and c.d. is accurately 
given by the Tafel equation = a -f- 6 log I, and that this equation is 
valid no matter how hi gh is the c.d. As was demonstrated by Salt and 
myself some few years ago, this equation breaks down for some metals at 
high c.d.'s, and there is a fairly general tendency for the overvoltage to 
approach a constant mn viTniiTn value in each case. This clearly indicates 
the approach of some limitin g saturation state, and the onset of a new 
depolarisation process at high c.d.’s, and a study of the decay of hydrogen 
overvoltage confirmed this conclusion. The overvoltages recorded in 
this work were obtained by an interrupter method, in which the measured 
values were eidxapolated graphically to 2ero time of mterruption, and 
Frumkin has adverselj” criticised these results in the case of mercury 
on the grounds that the extrapolation was in error. Frumkin's criticism, 
however, failed to take any account of metals other than mercury, some 
of which were found to obey the Tafel equation in the c.d. range explored, 
while others showed a marked deviation from it ; it is difficult to see how 
any general error in the extrapolation method could account for this 
variety of results. Furthermore, the matter has recently been re- 
investigated by Bockris using the direct method of measurement, in 
which no question of extrapolation arises and in which any error is likely 
to be in the direction of making the measured overvoltages higher than 
the true values, and his results confirm the behaviour noted by Salt and 
myself. It seems, therefore, that the approach to a constant maximum 
overvoltage at high c.d.’s in some cases must be accepted as a genuine 
phenomenon, and I would emphasise that the slow discharge theories 
give no indication whatever that this behaviour is to be expected whereas 
it meets with a ready explanation on the atomic hydrogen view. 

Weiss has ingeniously shown that by making certain assumptions it 
is possible to derive values of the constant b in Tafel's equation of 0-058, 
o-ii6, and 0*23 at 20** c., assuming that the neutralisation of the hydrogen 
ion is the rat^etermining stage in the electrode process. I would point 
out that the experimental values of b range from 0*02 to 0*3 and that there 
is no real correlation with these calculated values. Furthermore, the 
most important phenomenon in hydrogen overpotential is its dependence 
upon the nature of the cathode material, as given by the constant a in 
Tafel’s equation. No unequivocal statement of what determines the 
value of a appears to be given by supporters of the slow-discharge theories 
although it is of far greater intrinsic interest than the value of 6. It must 
presumably depend in some way, on the slow-discharge view, upon the 
thermionic work function of the metal, and a simple view would suggest 
that where this is high, a and therefore the overpotential should also 
be high. Actually, as the results of Bockris show, the converse is the 
case. On the atomic hydrogen theory of overvoltage, the influence of 
the cathode material receives a plausible interpretation in terms of the 
experimentally ascertained catal^c powers of the surfaces on the com- 
bination of hydrogen atoms. 

With reference to Agar’s paper on the interpretation of overpotential 
measurements in terms of activation energies, I am not at all convinced 
that this mode of treatment is particul^ly valuable in arriving at a 
satisfactory theory of overvoltage. Obviously if we have any rate pro- 
cess which is temperature dependent we can by analogy "wi^ ordinary 
chemical reactions calculate a quantity which we can call the heat of 
activation. But what then ? Surely this is not an end in itself. For 
^y satisfactory theory of overvoltage we must identify the slow stage 
in the total electrode reaction, and 1^ enabled thereby to make detail^ 
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predictions of the influence of experimental variables on over\'oltagi. 
I cannot see that the activation mode of treating the experimental data 
assists greatly in this respect. 

In connection with Bowden and Grew’s paper on the capacity of tte 
double layer at mercurj' in acid solution, I would suggest that the value 
of 20 /iF./sq. cm., which tends now to be unquestioningly accepted, is 
probably rather too high. Since Frumkin pomted out that contamination 
of the mercury surface greatly decreased the capacity, there has been a 
marked tendency to dis mis s all lower values as being in error due to tliis 
cause. Grahame in 1941, in what is probably the most thorough study 
of the double layer capacity yet made, obtain^ a value of 16 /ttF./sq. cm. 
In my own laboratory we have made some scores of measurements using 
both a D.c. oscillographic method and an a.c. method with both liquid 
mercury and amalgamated electrodes, and over a period of 7 years 
different workers have consistently obtained a value of 12 ± i mfd./sq. cm. 
for the minimum capacity in n. H2SO4 immediately prior to hydrogen 
evolution ; occasional drops to much lower values have been noted when 
contamination of the surface occurred. 

Dr. D. D. Bley (Bristol) said : Chemisorbed hydrogen atoms are sup- 
posed to play a part in most theories of the dischai^e of hydrogen. Horiuti 
and Hickling, for example, suppose that on catalytic^y-activc metals, 
the recombination of chemisorbed atoms and evaporation of hydrogen 
molecules proceeds rapidly : 

2M - H M . . . H2 . . . . (i) 

M . . . M + Hi 

where M is a surface metal atom. 

On catalytically-inactive metals the hydride surface film M — is 
supposed to be relatively stable, and the di^harge to involve the electro- 
chenoical mechanism : 

« -h M - H -h H, 0 + -> M -f H, -h H ,0 . . (2) 

Modem work emphasises the essential stability of chemisorbed hydrogen 
on metals in vacuo. J. K. Roberts ^ initiated this work when he showed 
that a clean tungsten surface would instantly chemisorb a monatomic 
layer of hydrogen which was relatively stable in that it only started to 
evaporate in vacuo at 500“ c. Nickel and other metals behave similarly.* 
These surface hydrides are very catalytically active in the parahydrogen 
conversion.®" * Mercury, generally regarded as a catal3rtically-inactive 
metal, when cleaned free from oxygen also adsorbs a stable layer of hydrogen 
atoms.® 

In other words, there is considerable evidence that reaction (i), 
desorption of chemisorbed hydrogen, does not occur at an appreciable 
rate in vacuo at room temperature, on several metals of difiercnt type. 
For tungsten the heat of desorption is 18-45 kcal., depending on the 
fraction of surface covered.* 

How far this desorption energy may be lowered at an electrode by 
interaction of the electrical field of the double layer mth the M — H 
dipole is purely a matter of speculation at present. When attempting 
to make such a calculation some years ago," I found the m ai n dif&culty 
to be the " siteing " of the hi — dipole in the double layer. 

In considering the desorption of such tightly bound layers, there is 
always also the possibility of a displacement desorption, e.g. 

H ,0 -h 2M - H ^ 2M - HjO -I- H, . . . (3) 

* Roberts, Some Problams in Adsorption (Cambrid^, I 939 )' 

* Beeck, Smith and Wheeler, Proc. Roy. Soc. A, 19^0, 177, 62. 

* Kley and Rideal, ibid., r94i, 178, 429 ; Eley, ibid., 452. 

* A. and L. Farkas, J. Amer. Chem. Soc., 1942, 64, i 594 ' 

* Burdon, Proc. Physic Soc., 1935, 47, 460. 

* Ph.D. Thesis (Manchester, 1937). 
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where we do not specify the nature of chemisorbed water, since it is not 
known. How far such a displacement can occur is still not clear. The 
parahydrogen conversion on platinum is poisoned by water vapour.' 
Such conversions, however, probably proceed by an exchange between 
chemisorbed and van der Waals’ adsorbed hydrogen,* viz., 

M- H . . . D, M- D . . . HD . . (4) 

When the poisoning action of water is reversible, it may only be dis- 
placing hydrogen from the van der Waals layer, and not the chemisorbed 
layer. 

The work of BonhoefEer ® on the catalysed recombination of hydrogen 
atoms by metals forms a salient point in discussions of hydrogen over- 
voltage. He pointed out that the series of decreasing catal3rtic efficiency, 
viz. : Pd, Pt, Ag, W, Fe, Cu, Ca, Pb, Hg, was the order of their increasing 
'' hydrogen overvoltage.” However, it is rather unlikely that hydrogen 
atoms in the temperature range of interest recombine according to (i), i.e. 

2H -f M 2M -~ H -► 2M . . . Ha -► 2M -|- Hj . . (5) 

It is much more likely that the hydrogen layer is fairly full at tem- 
peratrires up to 500° c. and that recombination occurs by an atom from 
the gas striking a chemisorbed atom and evaporating as a molecule. 

H -j- M— H -► M -f Ha (6) 

This mechanism is then the reverse of that shown to hold for the pro- 
duction of hydrogen atoms by hot tungsten.* The work of Roginski 
and Schechter is of interest in this connection.^® 

To s umm arise, then, I would say that the evidence on chemisorbed 
hydrogen on dean metals in vacuo would lead one to suspect mechanisms 
employing the lecombination of loosely chemisorbed hydmgpin atoms 
and to favour mechanisms based on a largely complete, strongly bound 
hydrogen layer, such as the electrochemical mechanism (2), or mechanisms 
such as (6), where the H atom is produced in the solution by an electron 
transfer from the electrode, as suggested by Bryant and Coates to this 
meeting. 

I would further note that steps such as (2) and (G) may proceed in 
the revere direction in the case where a cert^ number of gaps exist in 
the chemisorbed la3rer. There are various reasons why such gaps may 
exist.* 

How far a metal surface in an electrochemical experiment can ever be 
" clean ” is another question. Initially, there will be at least a monatomic 
oxide layer on the surface of the metal, apart from the possibility of 
poisoning by tap grease, mercury vapour, etc. 

Prof. N. K. Adam [Southampton) {partly communicated) : Slow electron 
transfer from the cathode to the hydrogen ion seems to me to be assumed 
without adequate evidence. Electron transfer, in itself, does not appear 
to be usually a slow process, for a great many electrode reactions, in- 
cluding redox electrodes and metals in solutions containing their own ions, 
are reversible, without any marked overpotential. It would appear more 
reasonable to seek the cause of hydrogen overpotential in some special 
property of hydrogen or its ion than to assume that the electron transfer 
IS slow in this particular case, when it is not slow in so many other cases. 

We know that hydrogen forms a very stable adsorbed layer on many 
metals. Weiss apparently prefers to assume that the oxonium ion H, 0 + 

» A. Faxkas, Trans. Faraday Soc., 1936, 33, 922 ; A. and L. Farkas, ibid., 
1937. 33 . 678. 

• BonhoefEer, Z. physih. Chem., 1924, 113, 199. 

• Roberts and Bryce, Proc. Comb. Phil. Soc., 1936, 33, 653 ; Boaworth, ibid., 
^ 937 » 33 » 394 \ 

M Roginski and Schechter, Acta Physicochim.. 1934, i, 318 ; Schechter. ibid 
1939. *0, 379. 
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is adsorbed, but surely that is far less likely to be strongly adsorbed than H+. 
Frumkin says that the capacity of the double-layer remains nearly con- 
stant at 20 fiF./cm.*, from low to high c.d.'s, and deduces from this that 
Eidsorbed hydrogen atoms are not present on the mercury cathode, stating 
that their appearance would cause a considerable mcrease in the electrode 
capacity. I am not quite clear why the appearance of adsorbed hydrogen 
should greatly increase the electrode capacity ; but if it does, the constant 
capacity could alternatively be explained on the hypothesis (a quite 
probable one) that the layer of adsorbed hydrogen is practically complete 
at extremely low c.d.'s. It is well known that the capacity of anodic 
mercury is 2-4 times larger than the 20 /iF./cm.* of cathodic mercury. 
Possibly the adsorbed films do strongly aiSect the capacity, a capacity 
of 20 /xF./cm.* being characteristic of a hydrogen-covered surface, one of 
40 to 80 liF./cm* characteristic of an oxygen-covered surface. 

Unless it can be shown why the electron transfer is much slower with 
hydrogen ion and electrodes of most metals than \wiOx “ reversible " 
electr^es, I am reluctant to accept the view that slow electron transfer 
is the cause of oveipotential. The slow stage may well be later ; either 
the slow combination of hydrogen atoms, suggested by Tafel and favoured 
by many later writers, or the mechanism mentioned by Eley above, 

MH -1- H, 0 + -f « -> M -f H, - 1 - HA 

MH being an adsorbed layer of hydrogen atoms. The very marked effect 
of arsenic and other catalyst poisons in increasing overpotential is evidence 
for the importance of adsorbed hydrogen films in creating overpotential ; 
if it could be shown that arsenic was effective in amounts which merely 
hindered catalytic combination of hydrogen atoms, but still permitted 
their adsorption, that would be evidence for the slow stage being catalytic 
combination. 

Dr. M. Haiasinsky (Pans) said: In criticising the theory of the slow 
discharge as origin of the hydrogen overvoltage, it is not sufficient to 
mfllrw reference only to Gurney’s theory. It was shown, by Frumkin 
and others, that Gurney has neglected the adsorption energy of the 
hydrogen on the cathode. The presence of organic molecules can of 
course modify the state of the electrode surface and have an effect on the 
adsorption energy and hence on the overpotential. 

Dr. J. A. V. Butler (London) said : I should like to advocate, as I 
have been doing for the last fifteen years, that there is not just one mechan- 
ism of overvoltage, but several. There are two demonstrably different 
phenomena, viz. those at high overvoltage and low overvoltage electrodes, 
and there are quite probably others. I listed some of the possibilities 
in my paper. The task of research is to discover which applies in any 
particular case. 

If I may amplify what I said previously in introducing my paper, it 
seems to me that the existence of a “ free ” hydrogen atom for any ap- 
preciable time is very improbable. Hydrogen when formed will be ad- 
sorbed in some way on Ihe electrode and the main question is to dis- 
tingpiiRb the possible modes of adsorption and the ways in which such 
adsorbed h3rdrogen can be released. I agree with almost all Dr. Eley 
has said. If hydrogen is powerfully held by adsorptive forces, how is it 
that it comes off so easily ? I think the modes of adsorptive need better 
definition. One might suggest that there are two factors to be con- 
sidered : (i) the strength of the binding, i.e. the depths of the energy 
trouj^ in which the hydrogen atoms lie ; (2) the height of the barriers 
between adjacent troughs. If the barriers are low the combination of the 
H atoms to form molecules may be easy, in fact a mobile equilibrium 
between H, molecules (held by van der Waals forces) and H atoms may 
be possible. This is required for the functioning of the reversible hydrogen 
dectrode. I should al^ like to see a study of the adsorption of hydrogen 
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in a second layer, i.e. when the first layer is completed ; and the pro- 
perties of hydrogen held in this way. 

The second point I should like to bring up is to ask Dr. Agar if he has 
any new values of the activation energies of hydrogen-discharge reactions. 
It may be remembered that some years ago Eyring, Glasstone and Laidler 
found that if the known values of AH are inserted in the equation 
i — Be — AH/Ba*^ the constant B comes out about the same in both alkaline 
and add solutions. They drew from this the conclusion that the hydrogen 
ions are not directly implicated in the discharge process, the molecule 
concerned being, in fact, water. I do not think this conclusion was j ustified, 
for it is based on a calculation which involved the assumption that the 
hydrogen ion concentration in alkaline solutions is independent of the 
temperature. If we allow for the change of [H+] in alkalme solutions at 
constant [OH“], I have shown that the equation i = R[H+] e AH/HT fits 
the rather limited facts equally well.“ But there is great need for more 
data, which will permit a better analysis. 

It has been asked if there is any explanation of the order of magnitude 
of these acti\’ation energies, actually observed. I tliink I have shoivn 
that a figure of the order of 20 kcal. is not an unreasonable one for the 
formation of a free hydrogen atom, and if the latter is adsorbed some re- 
duction may be expected.^ In alkaline solutions the comparable figure 
is about 9 kcal. This can be explained by taking into account the facts 
that (i) the reversible electrode potential is 0-7 v. more negative ; this 
will reduce the activation energy by about half thia amount, or 8 kcal. 
Furthermore the proton is at an energy level about 14 kcal. lower in H ,0 
(the actual acid in alkaline solutions), than in H5O+. This will produce a 
further lowering of the activation energy, the amount depending on the 
shape of the potential energy curve. The actual value of 9 kcal. is thus 
of the order to be e3q)ected. 

Dr. J. O’M. Bockris (London) (partly communicated) : Prof. Ferguson's 
paper appears to be of particular value to overvoltage research at the 
present ttoe because of the original attitude taken in it. With regard to 
the questions 6 and 7 at the beginning of his paper, it appears from recent 
work on hydrogen overpotential in mixed aqueous-non-aqueous solutions ^ 
that hydration has no primary effect on overpotential because, for example, 
in ethyl ^cohol-water mixtures, the variation in overvoltage with solvent 
composition at a ^ven c.d. in no way follows the variation of the .solvation 
of the hydrogen ion in that solvent. The outstanding point to stress, 
however, is the manner in which change in solvent composition can affect 
different electrode materials in quite different ways, tending to support 
the cont^tion that the efiect originates in a solvent layer bound to the 
cathode in a manner characteristic of the latter. 

.^alogously to P*rof. Ferguson’s report of underpotential on platmised 
platinum ^thodes, the present author has observed discharge of hydrogen 
at ^tentials more positive than the reversible value at Ta and (with 
R, Parsons) at Pd cathode at lo-a amp./sq. cm. (n. HQ*, solution). After 
some mmutes' electrolysis these became overpotentials and it seems only 
po^ble to explain such a behaviour upon the grounds of the reduction, 
m t^^rly stage of the electrolysis, of the surface concentration of hydrogen 
by diffusion into the metal. ® 

The general diffusion theory of overpotential advocated by Prof 
Fmguson seems weak from the view point of activation energy, that in 
diffusion processes being of a different order from that in overpotential. “ 


“ h 1939. 7* 1053 : 1941. 9 , 91. 

1941, 9, 279. 

«^oc. Roy. Soc. A, 1936, 157, 423, 

« Bockns, NtOure, 1946, 158, 584. 

“ Goldschmidt, Z. physih. Chern,, 1914, 89, 129. 

Eynng, Glasstone and Laidler, The Theory of Rate Processes (1940) 
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With regard to Hickling and Salt’s theory of hydrogen oveipotential,!’ 
described in the paper of Bryant and Coates, it appears necessary to point 
out that an exact ph)^ical meaning does not seem to be attachable to the 
theory. If one calculates the number of hydrogen atoms settmg up the 
pressure of atomic hydrogen which determines the cathode potential, 
assuming the gaseous atmosphere to exist up to about lo a. from the 
cathode surface, one finds it to be less than one atom for the metals of 
higher potential. This difficulty presumably means that the pressure of 
gaseous atomic hydrogen over the dectrode in the theory cannot be ac- 
cepted hterally but must be a measure of some more fundamental property 
of the individual atoms. The situation appears analogous to the inter- 
pretation of the physically impossible values of solution pressure in Nemst's 
theory of the e.m.f. Qualitatively, also, it appears difficult on this 
theory to form a physical picture of conditions at the cathode in the vicimty 
of which there is supposed to be a continuous layer of gaseous hydrogen ; 
the mecha n is m of ion transport through this layer does not seem clear. 

The theory is ve^ helpful, however, in a qualitative way. Thus, 
important evidence in its favour consists in the approach towards a 
limiting value of overvoltage found by Edckling and Salt “ at high c.d.'s 
for certain cathodes, e.g. Pb and Sn. FrumMn criticised this on the 
grounds of an incorrect extrapolation in the commutator method used. 
It seems cogent to record that the present author,*® using the direct method, 
has also obtained the same approach to saturation as noted by Hickling 
and Salt and similar approaches to saturation on other metals. As the 
errors of the direct method would tend to the reverse errors to that of 
Hickling, this seems a striking proof of the reality of the effect in solu- 
tions prepared in the way described. 

With regard to the maxima on the polarisation-c.d. curves of Bryant 
and Coates, is it possible that these represent the effect of bubble evolution 
from the cathode on the thickness of the diffusion layer ? With increasing 
c.d. the stirring effect of bubble evolution would be ejqjected to increase 
and this may overcome the normal increase of concentration polarisation 
with c.d. 

Although Dr. Weiss’s paper represents a welcome attempt to correct 
one of the major shortcomings of Gurney’s theory, it is submitted that it 
suffers from an important disadvantage common to Gume3r'8 theory in 
that it does not give a basis to the connection between electrode material 
and overvoltage. One might at first think that the connection could be 
made through the work function. Dr. Weiss considers that the appropriate 
values here are those modified by the presence of adsorbed material on 
the electrode and this is contrary to the view of Fowler who, referring to 
Gurney’s theory, stressed that they were to be taken as those of the pure 
metal. It seems logical to argue, however, that in the quantum mechanical 
t^ories the work function cancels out at another part of the circuit. No 
simple relation between the work function of the pure metal and over- 
potential would hence be expected to exist from Weiss’s theory. On the 
otter hand it is an experimental fact ** that a quite simple tj'pe of relation 
exists (see Fig. i). From Fig. i it is clear that, exhibiting both work 
function and overpotential (at io~® amp./sq. cm. in aq. solution) against 
atomic number, then, on passing from one element to another, an increase 
of work function corresponds to a decrease in overpotential, which is 
contrary to Weiss’s theory. 

Further, in Dr. Weiss’s treatment of the b values, no apparent explana- 

M Hickling and Salt, Trans. Faraday Sac., 1942, 38, 474. 

Trans. Faraday Soc., 1940, 36, 1224. 

^ Acta P^sicochitn., 1943, 18, 23. 

Trans. Faraday Soc. (in press). 

“ ibid., t932, a8, 371. 

“ Bockria. Nature, 1947, 159, 539. 
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tion oi^.h value < 0-03 appears, though these are well known (platinised 
Pt, etc.). 

Prof. Frumkin omitted to mention, when referring to the work of 
Dolin and Ershler ** on the phenomena at Pt in HiSO^ and NaOH, that 
the rate of discharge of hydrogen atoms was found to be 27 and ii times 
faster respectively than the overall rate of evolution of hydrogen. It does 
not seem as though, in view of this result, slow discharge of hydrogen can 
be still envisaged as the limiting stage at platinum. It is of great interest 
to observe that Prof. Frumkin is now willing to concede the importance of 
the combination mechanism in the cases of metals such as Pd and Ni. 
But it is now by no means clear why it is necessary to consider the downess 
of this stage " adding " to that of the discharge mechanism. There seems 
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no need to consider that more than ow of the stages governs overvoltage 
and for the low overvoltage metals at least there is now some balance of 
evidence in favour of that being a slow combination. 

The results of measuremenin of overvoltage in the system hydrogen 
chloride in p3nidine, in Bowden and Grews’ papers, are rather obscure 
because reduction of the solvent very probably takes place during electro- 
lysis. With r^;ard to the lack of parallelism between dielectric constant 
of the medium and capacity of the double layer, any possible parallelism 
might perha^ffl have been expected to be vitiated in the S3rstems chosen 
for examination which cont£^ three difEcrent anions and solutes all at 
different concentrations. 

The corrected value now reported for the capacity of the double layer 
prompts the question as to the comparison between the overvoltages 

” Acta PhysicocMtn., 1940, 13, 747. 



GENERAL DISCUSSION 


134 

obtained in the purer solution and those in the impure solutions used by 
Bowden and Rideal in earlier work.** 

In reply to Prof, Wynne Jones and Dr. Haissinsky, I do not think 
that one can be so pessimistic in general towards an examination of solvent 
effects as Prof. Wyrme Jones. Every phenomenon must surely be con- 
.sidered individually and in the case of hydrogen overpotential, as the 
medium of the hydrogen ion is so mudb, emphasised in some recent theories,** 
results from an examination of the solvent effect seem of the great^t 
interest. It has, in fact, offered quite unambiguous evidence against the 
reaction rate and quantum mechanical theory of oveipotential. As to 
the difficulty of hydrol3rsis, this has been examined •* in ihe cases of all the 
alcohols used and has been found to be undetectable within 24 hr. of making 
up the solutions ; measurements were alwa3rs made within this time. 
Further, extrapolated measurements to 100 % non-aqueous from measure- 
ments in mixed aqueous-non-aqueous solutions agreed to within the 
experimental error. 

I agree with Dr. Haissinsky that by taking into account adsorption 
it might not be impossible to bring the results on the solvent effect into 
accord with the slow discharge theories. But to do this one would have 
to conclude that the adsorption energy was overwhelmingly more im- 
portant than the solvation energy, which seems highly improbable.*’ 

Prof. A. Fruxnkin (Moscow) (communicated) : The influence of the 
solvent on the overv’cltagc deserves the attention of investigators and 
its study can help ns to elucidate the mechanism of elec^ochemical 
reactions. A theoretical interpretation is, however, possible only if we 
are sure that the effects observed really represent the influence of a 
chemically stable medium on the velocity of tiie electrochemical reaction 
and that the steady state of the electrode smface is the same in the 
presence of the different solvents. These conditions are rather difficult 
to realise in non-aqueous solvents. In the case of the lead electrode the 
overvoltage values given for the aqueous solution in Bockris's paper, viz. 
ca. 0*85 v. with a c.d. = io“* certainly do not represent the overvoltage 
on a clean unoxidised lead sur&ce. On prolong^ cathodic polarisation 
of a lead electrode one obtains stable and much higher overvoli^e values ; 
the correct value corresponding to this c.d. is at least equal to 1*17 and 
probably even by a few centivolts higher.** Under these conditions it 
appears premature to discuss the tiieoretical significance of the results 
reported in the paper of Bockris. At any rate, an overvoltage difference 
of ca. 0-7 V. betAveen 50 and 100 % CH,OH would hardly be accounted 
for on the basis of any overvoltage theory. 

Dr. G. £. Coates (Bristol) said : Frumkin ** has criticised some of 
Hickling’s values for overvoltage at high c.d.'s on the grounds of un- 
certainty in the extrapolation to zero time of interruption of the poUuising 
current. In view of the bearing of polarisation maxima on the theories 
of ovcr\*oltage I should like to refer to some of the results obtained by 
Ikiliss P. M. Bryant and myself for the polarisation of platinised platinum 
electrodes in 0*02 n. HCl, where the po^risation decay graph was in some 
experiments quite flat up to i /looth sec. after interrupting the polarising 
current. In such experiments we feel there is no doubt about the extra- 
polation, and the existence of maxima in the corresponding polarisation- 
c.d. curves. 

Our experiments have been extended to include cathodes of Cu. Ag, 

** Proc, Roy. Soc. A, 1928, lao, 59. 

• Gurney, Proc. Roy. Soc. A, 1931, 134, 137 ; Eyring, Laidler and Glasstone, 
J. Chem. Physics, 1939, 7, 1053. 

•• Hamed and Eleikher. J. Amer. Chem. Soc., 1925, 47, 82. 

Hickling and Salt, Trans. Fara^ Soc., 1941. 37, 224. 

*• Kabanov and Jofe, Acta Physicochim., 1939, 10, 617. 

** Er uTnTrin , Acta Physicochim., X943, 18, 23. 
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Au, Sn, Pb, Ni, W. Pd and Hg, in 0-02 n. HCl ; with all these a maximum 
polarisation is observed or, in some instances, the polarisation becomes 
almost independent of c.d. These results will be reported more fully in 
a later communication. 


Dr. J. Weiss [Newcastle) said : I should like to emphasise that in my 
paper no special assumption is made as to the nature of the time- 
determining process. From the above reactions it follows directly that 
for the stationary state the discharge process must be time-determining 
(if it precedes the recombination), or is identical with the recombination 
process as in the case of reaction (2^). It is of considerable importance 
also to note that reactions (2) or {2') should more aptly be regarded as 
proton tramfer reactions, i.e. transfer of a proton from the hydrated state 
to the (negatively charged) metal surface. Apart from the limiting h 
and X \'Eilues given in the paper all the intermediate values can be obtained 
by a more elaborate treatment of the stationary state equations. 

If, on the other hand, one assumes that the reverse reaction of the 
discharge process (2) also takes pla<», then the recombination of the H- 
atoms becomes the time determining process. It is clear, however, that 
this state of affairs can arise only under conditions of very low over- 
voltage. 

Gurney’s original theory is not wrong in principle but it is incomplete 
as it neglects a number of important features su^ as the formation of 
adsorbed hydrogen atoms. Ttds is of decisive importance as the forma- 
tion oi free H atoms could require a prohibitively large activation energy. 
For this reason also only ions in the immediate vicinity of the electrode 
surface can be discharged. Thus tiie discharge theory should be regarded 
as a proton transfer from the hydrated ion to the metal surface. It is 
clear also that under certain conditions the adsorption energy of H atoms 
largely determines the value of the constant a in the Tafel equation and 
thus the parallelism wdth the rate of recombination of H atoms (which 
depends Itkewise on the adsorption energy) can be understood.*® On the 
other hand the work function of the clean metal as determined by photo- 
electric or thermionic experiments does not enter as such, because in 
any case only the difference between the work function and the energy of 
the surface electronic levels plays a part. 

An indication of the magnitude of the modified work function can be 
obtained from some experiments of Suhrmann and Csesch who demon- 
strated ^ a considerable decrease of the work function with increasing 
adsorption energy of hydrogen atoms. 

No special assumption is made or is necessary with regard to the ad- 
sorption of the ions. However, only the H, 0 + on or very near to 

the surface of the electrode can be neutralised for the reasons discussed 
pre\'iously. 


Dr. J. N. Agar {Cambridge) said : In reply to Dr. Hickling, an illus- 
tration of the useful information that may be derived from energies of 
activation is given in my paper ; the experimental value of the energy of 
privation for hydrogen deposition on mercury at the reversible potential 
in acid solutions is 18 kcal., and this seems to rule out the possibility of 
formation of free atomic hydrogen, which must involve energies of the 
order of 50 kcal. The experimental (apparent) energies of activation are, 
of course, subject to a number of uncertainties, but it is difficult to see 
how these can amount to 30 or more kcal. 

In calculating energies of activation from the temperature coefficient 
of overpotential it is convenient to introduce the Tafel factor a, but it is 

not necessary to assume that a is a constant. The important quantity is 
<> In »\ r ^ ^ 

j ^ 3^d. the value of this quantity (or of the closely related quantity 


*® cf. Volmor, Physih. Z. Sowiet Union, 1933, 4, 358, 
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a) can be found experimentally at any c.d. and temperature, irrespective 
of whether the V — log i curve is linear or not. 

The electrode capacity of 20 /iF./cmJ, found by Bowden and Grew, is 
uncertain to approximately ± 2 ;iF./cm.*, but, in view of the fact that 
values in the same range have now been found by a number of different 
methods, it seems unlikely that the true value can differ much from 20 
nv./cm.^ at the potentials in question. The capacity is, of course, some- 
what dependent on the potential, as is sh''iwn by Frumkin’s work.*^ 

In reply to Dr. Butler, as far as I am aware, the only values of energies 
of activation published since the available data were tabulated in 1938 
are those due to Stout.®*- ®* The technique described by Stout shows how 
reliable results may be obtained. 

I think it is important to emphasise the distinction between (i) the 
step that determines the rate (or overpotential) of an electrode reaction, 
(ii) the mechanism of the reaction as a whole, and (iii) the process responsible 
for isotopic separation. For example, if the discharge of hydrogen ions 
is the rate-determining step in the evolution of hydrogen, overpotential 
measurements are unlikely to give much useful information about the 
subsequent course of the reaction. Similarly, measurements of the capa- 
city of mercury cathodes show that the amount of adsorbed hydrogen 
present is small if the transition from ion to adsorbed atom is reversible ; 
this conclusion does not follow if the transition is highly irreversible. 
In the latter case the amount of adsorbed hydrogen may have little 
influence on the charging curves or on the steady overpotential, unless 
certain secondary effects become important, e.g. blocking of a large fraction 
of the available reaction sites by previously deposited hydrogen. 

The possible difference between the steps responsible for overpotential 
and for isotopic separation may be seen by considering Horiuti’s “ electro- 
chemical " mechanism : 

(a) HaO+ Me— + « -> H ,0 4 - H— Me 

followed by 

(6) H, 0 + + H— Me -{-«-> HaO + H, -f Me—. 

Stage (a) may determine the rate and overpotential, but the separation 
coefficient is determined by (a) and {b) jointly. On the other hand, if 
formation of molecules takes place by the *' catalytic ” ox *' Tafd ” 
mechanism : 

(c) 2 H — Me H| + 2 Me — 

the isotopic composition of the gas evolved must be the same as that of 
the atoms deposited. 

The occurrence of Tnaxima. in F — log i curv^es has been mentioned 
in this discussion. I cannot see how these maxima can be Explained b> 
any simple theory of overpotential — either ion-discharge or atom- 
recombination— although it is, of course, easy enough to explain non- 
linear V — log i curves in terms of these theories. It appears more 
probable that the maxima are really due to some addition^ effect, e.g. 
changes in the electrode surface or deposition of low-overpotential im- 
purities at the more negative potentials. 

Prof. A. R. Ubbelohde {Belfast) said : It is interesting to note that 
we have an alternative method of investigation the conditions controlling 
the reaction, H| 2H at the surface of the palladium. 

Various lines of evidence indicate that, within the lattice, hyxlrogen is 
definitely present in i±ie atomic form and in fact a proportion at least of 
the atoms are dissociated into protons and electrons.** Consequently 

** Proskanun and Frumkin, Trans. Faraday Soc., 1935, 31, no. 

** Bowden and Agar. Ann. Beports^ 1938, 33, 90. 

** Stout, Trans. Faraday Soc., 1945, 41 f 64. 

** Stout, ibid., and paper, ^is vol. 

** Cf. Ubbelohde, Trans. Faraday Soc., 193a, a8, 273 ; Proc. Roy. Soc. A, 
^937> I59i 295, where lefereuces axe given. 
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when metallic palladium is exposed to molecular hydrogen it cannot enter 
the lattice fcister than the above reaction can produce hydrogen atoms. 
It has been shown that traces of oxygen poison the surface of the metal 
for this reaction ” and that the poisoning is only slowly removed by hydrogen 
at ordinary temperatures. So fax as this poisoning of the reaction, 
Hs ^ aH, applies generally at metal surfaces it suggests that considerable 
caution is required in interpreting slow changes of overpotential at elec- 
trodes which have had access to the atmospheric oxygen, and may not 
have been fully reduced before measurements begin. 

Prof. A. Fruxnkin (Moscow) (communicated) : The behaviour of pal- 
ladium electrodes has been discussed in a paper by Prumkin and Aladjalova*® 
which apparently has remained unknown to Stout. Our results differ in 
many respects from those obtained by him. The conclusions concerning 
the hydrogen overvoltage on a palladium electrode are quoted in the 
paper by Frumkin in thL Discussion. 

For an unpolarised electrode the potential becomes independent of 

the hydrogen content, when the ratio y = drops below a certain 

Atoms Pt ^ 

value (at room temperature ca. o-6). This is in agreement with the well- 
known thermodynamic properties of the Pd — system, as lower values 
of r fall in the two-phase region and the potential is independent of the 
relative proportion of the a- and ^-pha^. On fiirther decrease of r 
the independence ceases with the disappearance of the j8-phase. Earlier 
^ta of Nylen •• agree with these conclusions. I suppose therefore that 
in the experiments, the results of which are given in Fig. 5 and 6 of Stout's 
paper, conditions of internal equilibrium have not been realised. If 
r exceeds o*6 (homogeneous / 3 -phase), there is under equilibrium condi- 
tions a linear relation between potential and hydrogen content. These 
systems, whose electrochemical properties will be discussed in more dfita.il 
in a forthcoming paper by Frumldn and Fedorova, are perfectly stable, 
but of course their equilibrium pressure may exceed one atmosphere at 
room temperature. 

Dr. D. D. Bley (Bristol) said : Dr. Bockris gives evidence that a metal 
with a high work function has a low hydrogen overvoltage. Nevertheless, 
one must be careful in supposing that the electron from the chemisorbed 
hydrogen goes into the metal levds in the simple fashion established for 
highl5- electiopositive elements like Cs. If this were so, the hydrogen 
end of the dipole would be positive, i.e, M“ — ^H+, where M is a surface mfifal 
atom. TTie best-establish^ case is probably that of hydrogen on tungsten, 
due to Bosworth and confirmed by other workers in Rideal's laboratory. 
Here the bond is largely homopolar, there being a relatively weak dipole 
W+ — H“, of moment about 0*4 d., the hydrogen being negative. 

Dr. Weiss has mentioned the photoelectric work function data of 
Suhrmann and Csesch.*^ Their data give hydrogen as positive on Pt, Au, 
Ag, neutral on T 1 and negative on Al. For example, they give the work 
functions on 6*35 v. ; Pt~ H, 4*ri v. However, the accepted value 
for clean platinum is now 5*4 v., and so it is unlikely that the authors’ 
platinum surface was clean. It may be remarked that, except in the 
case of tungsten, where the surface oxide evaporates well below the melting- 
point, the greatest difficulty attends the removal of surffice oxides from 
metals, and the surffice that results on heating such oxides in hydrogen 
is often a matter for conjecture. 

I have attempted to calculate whether in the case of a surface atom 
of tungsten the completely ionic states W-H+ or W+H- are the most 

" Ubbelohde and Egerton. Trans, Faraday Soc., 1932, 38, 286. 

•® Acta Physicochim., 1944, * 9 * 

»» Z. Elektrochem., 1937, 43 » 915. 

Bosworth, Proc. Comb, Phil. Soc,, 1937, 33 f 394. 

“ Suhrmann and Csesch, Z. physih. Chem. B, 1935, a8, 213. 
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stable. The difference in energy of the two states is within the uncer- 
tainty which arises from the uacertainty in the length of the W — H bond 
involved. 

Prof. Ubbelohde has raised the question of oxide layers on the elec- 
trodes leading to ageing phenomena. The initial presence of oxide la3'’ers 
on metal electrodes is a certainty in many cases. How far these layers 
are reducible by discharging hydrogen is not clear. A further proccs.s 
has been noticed by Roberts.*^ The monatomic layer of oxygen on tungsten 
in the presence of hydrogen slowly disappears, presumably by diffusion 
into the metals. Surface oxygen on nickel also slowly diffuses intfj the 
interior.** 

It is again very likely that, however carefully the electrode be freed 
from oxygen in vacuo, on immersion in water it will immediately be covered 
with a monatomir film of oxygen by 

M -f HaO M = O -f Hj. 

For tungsten, such a reaction is probablj' exothermic to the extent of 
6 kcal.** 

If a monatomic film of oxygen exists on a working electrode it may be 
expected to play an important part in the structure of the double laym:. 
because of its high resistance. There would seem to be a considerable 
field for investigation of the effect of surface oxygen on hydrogen over- 
voltage. 

Dr. J. Weiss (Newcastle) (communicated) ; The neutralisation of 
oxonium ions at some considerable distance from the electrode with the 
subsequent formation of free H atoms is energetically impossible. It was 
shown already by Eyring and Topley that for such a process the activation 
energy would be prohibitively la^e. 

Dr. J. N. Agar (Cambrige) (communicated) ; Frumldn's discussion *• 
of the interrupter method** of measuring overpotentials indicates that the 
apparent overpotential (actually the overpotential at some constant short 
interval after interruption of the current) should tend to a limiting value 
at high c.d.'s. It is worth noting that Frumkin calculates the rate of 
decay of overpotential by assuming that the electrode behaves as con- 
denser of constant capacity ; a different conclusion might be reached if 
the decay of overpotential follows a different law, e.g. if there are 
*' arrests ” in the d^y curve. This may explain the fact, mentioned by 
Hickling, that the interrupter method does give linear F-log * curves 
for several metals. Bagotzky's results, quoted by Frumkin, constitute 
very strong evidence in favour of the slow discharge mechanism of hydrogen 
o\'eipoteatial on mercury. The earlier results of Levina and Sarinslty, using 
LaClg, were not quite so convincing, since it might have been argued that 
the high field close to a trivalent ion could influence the rate of reaction 
between adsorbed hydrogen atoms, which no doubt have a dipole moment, 
to the extent observed. Such an explanation now seems to be out of the 
question. 

The importance of slow changes in overpotential (at constant c.d ) 
has rightly been emphasised in this discussion. These changes un- 
doubte^y occur on most electrodes other than mercury, and Bockris, 
and Hickling and his collaborators have shown that reproducible results 
can be obts^ed by measuring the overpotential when the final steady' 
value has been attained, which may require periods of the order of an hour. 
None of the pre^nt theories of overpotential C2ui explain such slow changes, 
except pos^bly in the case of very small c.d.'8. Unless these theories are 

** Roberts, Proc. Hoy. Soc., A, 1935, 153, 445. 

** Beeck, Smith and Wheeto, ibid,, 1940, ijy, 62. 

** Eley and Rideal, ibid., 1941, 17^ 439. 

** Frurnkm, Acta JPJKsicachitn., 1943, 18, 23. 

** Kidding, Trans. Faraday Soc., 1937, 33 t 
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to be rejected entirely, one must conclude that the observed overpotentials 
are considerably affected by various subsidiary factors capable of giving 
rise to slow changes, such as alterations in the electrode surface (e.g. 
deposition of impurities, formation of oxides at anodes and disruption of 
the surface layers of cathodes), or, possibly, solution of hydrogen in 
cathodes. There is also evidence^* that adsorption of capillary-active 
ions may be rather a slow process. 

If this explanation of slow changes is correct, it would seem that 
information about the dectrode reaction proper can best be obtained by 
measuring overpotentials as rapidly as possible, e.g. by oscillographic 
or A.c. methods, so as to minimise the alterations of the electrode 
sur&ce. 

Dr. P. Gross {Slough) {communicated ) : It would appear from Prof. 
W3mne Jones’ Introduction as if the electrol37tic isotope separation can 
be easily understood if the ion discharge is the rate-determining step, 
whereas it would be very much more difficult to explain it by assiuning 
that equilibrium is established between hydrogen atoms at the electrode 
and the hydrogen in the solution. It may be pointed out that, adopting 
this latter presupposition and with reasonable assumptions for the rates 
of recombination, a separation coefficient of the right order results almost 
automatically.*® Furthermore, even if different assumptions are made 
concerning the rates of recombination, we are still led, on this view, to 
predict an effective separation of the isotopes." Experiments by Farkas 
at palladium electrodes gave results in substantial agreement with this 
mechanism, the experimental values for the decisive constants of the 
theory agreeing w^ with the calculated ones. It appears, therefore, 
that for palladium as electrode material, at any rate, the isotope separation 
cannot be taken as evidence in ffivour of a slow discharge process. 

Sir Charles Goodeve {London) said : I should like to raise two points. 
I feel it would have been profitable if more had been said at this discussion 
about experimental technique. This subject of overvoltage has been made 
unnecesssuily complicated in the past by the variety of techniques used 
and also by insufficient care on the part of some experimenters. The 
value of the over \xiltage found depends, for example, on whether one 
uses the commutator technique or the direct method, most people con- 
sidering that the former method gave a \'alue too low and the latter method 
one too high. Modem electronic techniques, however, permit a measure- 
ment of the back e.m.f. at a very short time interval after the current has 
stopped and with a very low external resistance. This whole question is 
examined in one paper, that by Ferguson, where it is shown that only at 
very low c.d.’s is the value of overvoltage obtained by the direct method 
practically the same as that by the commutator metiiod. 

^ I feel it desirable that we should still look on ordinary overvoltage as 
being made up of two parts, a back e.m.f. part and a transfer resistance 
part, and I believe a distinction between these two parts would go a long 
way towards resolving the dispute between the two theories. 

The improvement in experimental technique and reproducibility brings 
the question of c.d. into more prominence. I would point out, however, 
that very few experimenters take precautions to ensure that there is uni- 
form c.d. over th e i r electrodes. As is well known, the current from the 
end of a wire or from the edges of a plate can be many times — even up to 
loo times — ^that on the flat surface. The prevention of this for plates is 
rather difficult but with a rod or wire you can get almost perfect uniformity 
by putting a glass bead on the end. 

My second point concerns the nature of the metal. There seems still 
a tendency to consider that the surface of a metal looks to a hydrogen 

« Fru mkin, Acta Physicochim.^ i943. 23. 

*• Halpem and Gross, /. Chsm. Posies, 1935, 3, 452. 

" Farkas, Trans. Parody Soc., 1937, 3 ** 553 - 
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atom rather like it does to us. Although most contributors to this dis- 
cussion are aware of our modem views on tiie electrical and wave-mechanical 
aspects of metals, they seem to pay less attention to the more simple 
geometrical and crystallographical aspects. We now know that the 
interstices between the atoms in a metal are quite substantial and certainly 
large enough to allow the proton to go through with considerable ease. 
It may have a little more difficulty gomg through with its electron as a 
hydrogen atom, but at all events the surface has some resemblauce to 
that of a sponge as far as hydrogen is concerned. The solubihty of hydrogen 
in metals at normal temperature and pressure is admittedly low — ^it is 
about io~’ atoms per metsd atom m iron — ^but this is only because hydrogen 
prefers the lower energy and freer state, that of hydrogen gas. It is well 
known that if we make iron cathodic, such as in electrolytic pickling, 
hydrogen goes into the iron \'astly in excess of the concentration cor- 
responding to equilibrium with hydrogen gas at one atmosphere. This 
must on thermodynamic grounds produce a back b.m.f. overvoltage. One 
might attribute this to a slow combination of hydrogen atoms. My main 
point here, however, is that we should first attribute it to a local increase 
of concentration of hy'drogen in the metal near the surface and not 
peculiarly as an adsorbed layer. 

Dr. A. Hickllng {Liverpool) said: The President suggested that 
the two opposing views of hy^ogen overvoltage might be reconciled bj' 
supposing that the combination of hy*drogen atoms is the rate-determining 
step on low overvoltage cathodes, while the discharge of the hydrogen 
ion is the rate-determining step on high over\-oltage cathodes. WToile, 
of course, there is no a priori reason why this should not be so, it appears 
to me that this dual view meets a fundamental difficulty, and furthermore 
does not aid greatly in the interpretation of experimental observations. 
Bouhoeffer has shown by direct experiment that the combmation of 
hydrogen atoms on high overvoltage metals such as mercury and lead 
occurs much more slowly than on the low overvoltage metals. If then 
we are to accept the combination of hydrogen atoms as *^0 rate-determining 
stage on the low overvoltage metals, is it not even more likely that it will 
be the rate-determining stage on the high overvoltage ones ? Also, the 
slow-discharge \'iews Imve not, in my opixdon, provided any plausible 
interpretation of the great variety of overvoltage phenomena which have 
been investigated. For example, we have the variation of overvoltage 
with time, the influence of catalytic poisons, the ready diffusion of cathodic 
hydrogen through metals, the electrolytic reduction of organic compounds 
and its dependence upon the overvoltage of the cathode materied. All 
these phenomena meet wnth a ready explanation on the atomic hydrogen 
theory, and I am not con\’inced thm-efore that the adoption of the dual 
riew would represent any' real ad\'ance. 

Dr. J. O'M. Bockiis {London) {communicated) : The overvoltage of 
0-85 V. referred to by Prot Frumkin was obtained on Pb of 99*993 % 
purity with a reproducibility of about ± o-oi v. It represents the over- 
voltage at a steady state reached after some 2 hr.'s polarisation. Ihe 
higher results of I^banov and Jofa ^ were obtained on Pb prepared by 
cnttirg with a steel knife. No evidence is recorded in this paper to counter- 
act the conclusion that the pretreatment described would introduce con- 
tamination of the surface. A solvent effect of 0*7 v. is exceptionally 
large. A more typical result is that at a dropping Hg cathode, at which 
the oveipotential is 0‘i6 v. lower in n. methanolic HCl than in the cor- 
reqxmding aqueous solution. 

With reference to HSckling'a comment on Grahame’s value of 16 ps.f 
sq. cm. for the double-layer capacity at a Hg-solution interface, it seems 
necessary to point out that the use of wax at some glass-rubber joints in 

" Acta Physieochim., 1939, 10, 617. 

Bockris and Parsons (in pr^). 
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this author’s apparatus tends to detract from the weight of his lower 

result. . - 

Dr. Eley concludes from evidence on chemisorbed hydrogen on clean 
Tnf»ta.lR in vacuo that mechanisms involving recombmation of loosdy 
chemisorbed hydrogen atoms are improbable. Must one not be a little 
cautious in applying evidence of this Mad to conclusions concerned with 
a worMng cathode in solution ? It seems rdevant to point out that the 
reaction-rate treatment of this mechanism by Horiuti and Okomoto 
pTiah lfta a quantitative agreement with several experi men tal results on Ni 
at low c.d.'s to be obtained. 

With reference to Butler's remarks concerning Eyiing, Glasstone and 
Laidler’s theory,*® it may be interesting to note that calculation • of AH 
from the theory by assuming AS to be of the order of that of the reaction 
2H,0 -► H, 0 + + OH“ (as suggested by the authors) yields values which 
are somewhat greater than those experimentally observed.^ 

The most fundamental result of Frumkin and Aladjalowa’s work 
on hydrogen over\’oltage at Pd cathodes seems to me to be the establish- 
ment under rigorous experimental conditions of the transfer of overvoltage 
by dMusion of atomic hydrogen to the non-polarised side of a t hin Pd 
film. This would seem admost conclusive evidence for the importance of 
the catal3rtic mechanism on this electrode. 

Agar’s comment that none of the present theories of overvoltage can 
explam slow changes with time is somewhat surprising. Such an ex- 
planation is surely an important contribution from most slow com- 
bination tnftnha.TiisTnH . Frumkm and hiR collaborators,*®' **• ** have treated 
thifl slow time-variation in recent work. A decision as to what is a primary 
and what is a secondary effect in setting up the fi n al overvoltage at a 
metal must usually be somewhat arbitrary. 


m DEPOSITION OF METALS. 

Introduction. 

By a. W, Hothbrsaix.* 

In Germany in the early years of this century and somewhat later in 
Great Britam and U.S.A., the technicians of the Electrochemical industnes 
attempted to apply classical electrochemistry to their technical processes. 
They achieved some success, but deficiencies in knowledge were very 
apparent. The culmination of this stage was marked by such outstanding 
publications as AUmand and Ellingham’s Applied Electrockemistry and 
Foerster’s Electrocliemie Wasseriger Loswngen and by the last G^eral 
Discussion held by the Faraday Society in 1924. 

In this Discussion there were no papers in which the products of 
electrol^'sis were examined to find out what infonnatiou could be obtained 
about the electrode process by a knowledge of their structure. Attack on 
the problem by such methods had however begun to be made at about 
this time and was continued to an increasing degree using X-ray and later, 
electron difEraction as well as metalluzgical methods of examination. 
Evidence of the value of these methods of approach was given in the 
General Discussion on the structure of metallic coatings, films and sni&ces 
held by the Faraday Society in 1935. closer definition of the nature 

“•Horiuti and Okomoto, Rep. Inst. Phys. Chem. Res., Tokyo, 1936, 28, 231, 

•*/. Chem. Physics, 1939, 7, 1053. 

** Ada Physicochitn., 1944, I9> i. 

** Frumkm, ibid., 1943, 18, 23. 

* Armament Res. Dept., Woolwich. Acknowledgement is made to the Chief 
Scientist. Ministry of Supply, for permission to publish this note. 
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of metaUio deposits thus obtained opened the vr&y for a new attack to 
be made on the fundamental problems of electrochemistry and the present 
Discussion may be regarded as a stock-taking of the progress made. 

Two of the chief problems to be solved in studying the structure of 
electro-deposited metals are inter-related. One is to determine the way in 
which the grains are built up, what determines their size and their orienta- 
tion and what is the cause of the stress which appears to be present to 
some degree in nearlj* all electro-deposited metals. The other is the rela- 
tion between the structure of the basis metal and the deposit, which is 
necessarj’ to give a full understanding of the mechanism of adhesion. 

Much qualitative information on the structure of certain electro- 
deposited metals (especially nickel) is already available and has led to the 
conclusion that the phj'sical properties of electro-deposited metals can be 
varied over a much wider range than is possible by working, because the 
grain size can be made so much smaller. It appears that inclusion of 
foreign atoms or molecules in nickel deposits interferes with the completion 
of a growdng lattice layer so that a new grain starts to grow ; the presence 
of oxides and other compounds in nickel deposits has been demonstrated. 
W'hilst this mechanism has been qualitatively established for nickd deposits 
and is probably true for man y other deposits, we still have much to learn 
about the precise mechanism of entry of these foreign atoms or molecules 
into the gromng deposit. Refined methods of studying electrode 
phenomena such as are described in some papers before us may help to 
elucidate this problem if the results are properly co-ordinated with a 
study of the structure of the deposits. 

I^ch, Wilman and Yang ^ have given us an exhaustive survey of 
electron diffraction studies of a wide range of electro-deposited metals on 
a variety of basis metals, some single crystals, some randomly orientated 
or amorphous. Their results greatly elaborate but gener^y support 
the conclusions outlined above and indicate more precisdy the mechanism 
by which the cr3rstal habit of the deposit is determined. 

Finch and bis colleagues distingnish three stages in the growth of 
electro-deposits. During the first, ^e orientating influence of the basis 
metal is paramount. The second is a transition stage and in the third the 
deposit assumes a crystal habit which is governed by the conditions of 
deposition. The duration of the respective stages differs of course 
according to conditions. This analysis is support^ by previous work 
which showed that, under carefully selected and controlled conditions, 
it may be possible for the first stage to continue indefinitely. 

Certain metals, for example, lead and silver, tend to deposit from their 
simple salt solutions as isoUt^ single crystals and dehberate additions 
of interfering substances must be made to ^e solution if compact deposits 
are needed. The \^ue of certain types of organic substance (such as 
protein colloids) is well knoAvn in technical practice but their effective 
control has ahvays presented a difficulty. The molecules or aggregates 
of the organic substance are commonly supposed to become adsorb^ on 
the growing deposit, hindering outgrowths by providing the densest 
population of adsorb^ molecules on prominent areas. But little is known 
of the reasons for the superior behaviour of some materials — is it size 
or shape of molecule, electrical charge, chemical or physical afi 5 .nity for 
the metal ? Beck and Lind * suggest from their study of a number of 
additions to lead perchlorate solutions that the size of the molecule is 
important. 

In this connection, it is interesting to note that Randles * studying 
the kinetics of electrode reactions, has devised a method of determining 
reaction rates which, when applied in preliminaxy teats to certain me tal 
deposition processes, indicates that colloids slow up a reaction at the 
cathode surface witibiout affecting '&e general rate of diffusion. Here 

» This DO*., p. 144. « This ml., p. 185. • This ml., p. ii. 
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possibly is a new tool to assist the electrochemist in his study of the 
complicated reactions at electrodes. 

Passing now to electrochemical studies of electrode processes, the 
problem of metal overpotential has long puzzled the electrochemist. 
Developments in electronics have enabled rei^ements to be made in ap- 
paratus for studying overpotential and Salt * has adapted and applied 
Hickling's technique to study the decay of overpotential in nickel deposi- 
tion. Measurements of overpotential at various times from 3 x io“* 
to 7 X io“® sec. from cessation of electrol5rais were made under various 
conditions of c.d., solution composition, pn and temperature. One of 
the chief difS-culti^ connected with this method of studying overpotential 
is the derivation of the true overpotential by extrapolation of the results 
to zero time of decay ; this is accordingly the part of the paper which 
should receh'e critical examination. Using statistical analjreis, Salt 
derived an expression which fits his results obtained at moderate c.d.'s 
(below io“* amp./sq. cm.) at which for many of his electrolytes, he found 
the overpotential to vary with c.d. according to the Tafel equation. The 
cathodic overpotential was found to change with and buffering in a 
way which suggested the formation of nickel hydroxide at the cathodic 
face. Salt draws no general conclusions about the cause of overpotential 
which presumably aivait further data. 

The different ways by which solute can move between the bulk of the 
liquid and the electrode surface have been examined by Agar * using the 
method of dimensional analysis and the dependence of the thickness of 
the diffusion layer on the concentration difference has been compared 
for stirred and unstirred solutions. Hoar and Agar have also an^37sed 
the factors affecting throwing power (that is, the ability of the solution 
to produce a deposit of even thickness on an irregular cathode) using an 
approach and method similar to that of Gardam in an earlier paper. 

Much attention has been given in recent years to studies of the mercury 
dropping electrode with which the name of Heyrovsky is necessarily linked. 
HeyTO\’&lEy • has given us further results which have a general bearing on 
electrode phenomena. The information obtainable by this technique 
may be unique because of the lack of affinity between mercury and hydrogen 
and the elimination of the energy involved in placing the atoms on a solid 
lattice. He\'TOvsky submits an unusual explanation of his results which 
he interprets to mean that the electrolytic acceptance of more than one 
electron is not simultaneous but consecutive, and that, in the electro- 
deposition of certain divalent metals for example, the process proceeds 
electrochemically only to the monovalent stage ; thereafi^ a non-electro- 
lytic rate-determining change occurs (dismutation), e.g. 2 Zn+ Zn++. 

The papers considered so far have either dealt with the structure of the 
deposit or with the electrochemical reactions concerned in its production. 
It is only by a co-ordination of these two lines of approach that a satis- 
fying understanding of electrode processes is likely to be achieved. 
Gardam ^ has attempted this task by analysing the chain of changes by 
which the charged ion passes from the bulk of the solution to its fin^ 
position in the ^ttice of the solid deposit. He has concluded that an im- 
portant source of polarisation in the electro-deposition of a solid metal 
may arise from the energy absorbed in getting the discharged atoms to 
their final positions in the growing lattice ; the ^ect on the cathode poten- 
tial of this part of the process may overshadow purely electrochemical 
effects. This conclusion of Gardam’s suggests tlmt the potential is a 
result of a complicated series of processes rather than the ffictor that 
determines which reaction will occur — a point also raised by Hidding.^ 

Electro-deposition is now widely used by engineers for various pur- 
poses, such as to impart wear resistance to working surfaces and to protect 

* This voh, p. 169. ■ This vol., p. 158. • This vol., p, i?, 

’ This vol., p. 182. » This vol., p. 236. 
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metals against the erosive action of hot gases. Such applications increased 
considerably during the war and their success encouraged the hope that 
further progress in the knowledge of the control of physical properties 
and adhesion of electro-deposited metals would reveal still more useful 
applications. Certain allo3' deposits have been found to possess inter- 
esting physical properties, indicating new possibilities in the field of pro- 
tective coatings as well as of engineering. Other developments of con- 
siderable interest in decorative electroplating are the processes of anodic 
brightening of metals and the discovery of the phenomenon of smoothing 
action by which deposits grow to a smooth surface on a rough cathode. 
Such developments bring new problems with an important bearing on the 
fundamental changes occurring in the electrode process and they emphasise 
the gaps in our basic knowledge of such changes. These problems are 
similar to those which are the subject of this part of the General Discussion 
and which, as I have tried to indicate, can only be effectively solved by 
a combined attack on the phj’sical structure of the deposit and on the 
electrochemical changes in metal deposition and solution. 


CRYSTAL GROWTH AT THE CATHODE. 


By G. I. Finch, H. Wilman and L. Yang. 


Received ‘zist March, 1947. 

I. Introduction. 

The object of study of crystal growth at the cathode is threefold, 
Firstly, a clear understanding of the processes involved should reveal the 
principles which govern the growth of the metal crystals and heaice also 
throw light on the nature of the interatomic forces in the d^osit. Secondly, 
this information may hdp to clarify some unsettled points of the mechan- 
ism of electrodeposition and the associated cathodic phenomena. Finally, 
apart from the theoretical interest, a knowledge of the nature of bonding 
at the interface of the deposit and the substrate, and of the factors con- 
trolling the mode of growth of the deposit, such as crystal orientation, 
size and habit, may indicate those conditions of deposition which &vout 
adhesion of the deposit to the substrate smd the development of other 
desirable properties, such as hardness and iefiectivity.»-*» 

IMany auihocs have investigated the structure of the cathodic deposits 
since 1905, using either the microscope,^. *-• or X-ra3re,*> or electron 
diSraction.i*"^* Although these thrro methods are complementary, it 
is onl}’ by election dif^ction that direct information can be obtained 
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about the structure of the very ^^-biTl initial deposit, or even in some cases 
of thicker deposits.^* 


II. The Relation between Cathodic and other Types of Crystal 
Growth. 

The characteristic conditions governing oyStal growth at the cathode 
are most clearly understood if we consider the relation between the 
follo\ving three types of <aystal growth : (i) deposition in vacuum or 
low pressure gas (condensation horn the vapour phase, or cathodic 
sputtering, or by thermal decomposition, etc.) ; (ii) crystallisation from 
solution ; (iii) electiodeposition. In (i), which is the simplest case, the 
atoms soon after arriving at the substrate with a certain amount of kinetic 
energy, have mobility determined by the thermal motion of the substrate 
atoms. This average mobility is thus characteristic of the substrate 
material and its temperature. In (ii), the conditions are similar to those 
in (i), except that the mobility of the deposited atoms on the substrate 
at a gi\'en temperature is increased by the impacts of the solvent mole- 
cules and that there are further inhuences on the mobility due to adsorption 
of the \'arious constituents of the solution. In (iii), the conditions are 
similar to (ii), but with a further characteristic tendency of increased rate 
of deposition on the projections of the substrate surface, where the electro- 
static held is more intense. These difterent conditions result in difterences 
of the nature of crystal growfth in these three types of deposition. 

Deposits in vacuum on amorphous substrates at liquid air tempera- 
ture are in general also amorphous or nearly so in thin layers, because 
the temperature is so low that the mobility of the d^)osit^ atoms on 
the substrate is small and the aggregation of the atoms into crystaUine 
arrangement is hindered. Deposition at room temperature*®* •*. ••-•® 
on amorphous substrates in general results in crystsdline deposits, owing 
to the higher mobility of the deposited atoms. If their mobility is high 
enough, &e deposited atoms tend to arrange themselves with the most 
densely-packed lattice plane parallel to the substrate. •®» **• **» ““*® When, 
however, the atoms are incident obliquely, then, as the deposit grows 
thicker, the surface region will tend to consist of crystals having the most 
densely-packed lattice-plane perpendicular to the incident beam.®^~** 
On the other hand, if the substrate surface possesses a regular arrangement 
of atoms, like the face of a single crystal, then, if the mobility of the 
deposited atoms is high enough, the first thin layers tend to be arranged 
in such a maimer that the lattice plane, not necessarily the most densely- 
packed one, is parallel to the substrate plane, and the atomic arrangements 
in them are similar .**"*® An exact fit in positions of atoms at the 
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contact plane of the deposit and the substrate is, in most cases, impossible ; 
for the substrate influence to prevail, the maximum allowable difference 
between the atomic spacings in parallel directions in the contact plane 
has been noted to be alraut 15 %, irrespective of the types of crystal growth. 
In some cases, the substrate influence has even led to the growth of a 
pseudomorphic form of the deposit crystals. '*• 

In crystallisation from solution, even at room temperature the in- 
creased mobility of the deposited atoms due to impacts by solvent mole- 
cules usually results in large strongly orientated crystals which form in 
one-degree orientation on amorphous substrates or in two-degree orienta- 
tion on single-crystal substrates.*^”** The orientation of deposits of 
atomic or molecular lattices on amorphous substrates is again such that 
the most densely-packed lattice plane is parallel to the substrate, although 
for ionic lattices the plane of orientation is usually the one with the 
highest population density and containing equal numbers of pMitive and 
negative ions. Preferential adsorption of ions, molecules or colloids on 
certain crystal faces may affect the habit and orientation of the deposit 
crystals.*^”- ** 

In electrodeposition, the crj^tal growth is similar to that from solution 
with respect to the relatively high mobility of the deposited atoms over 
the substrate even at room temperature. There is, however, a tendency 
of outward grou-th on the projections of the substrate surfeice. If the 
sulwtrate is amorphous or random polycTyrstalliue, the metal deposit 
nuclei will also be randomly’ dispcsed. As the deposition proceeds, a 
high mobility’^ of the deposited atoms will tend to cause the development 
of lai^e crystal faces parallel to the most densely-packed lattice-planes ; 
thus, those nuclei which are orientated with these planes parallel to the 
substrate will grow laterally more rapidly than those in other orientations 
and receive a large share of the incident atoms and will thus preponderate 
in the deposit. On the other hand, outgrowth from the projections tends 
to caxise increased deposition on those cry^stal nuclei which are orientated 
with the most densely-packed lattice pla^ perpendicular to the substrate 
simface. Adsorption of the various bath constituents on the cathode 
surfeM:e is a thi^ important influence on the structure of electrodeposits. 
It will reduce the mobility of the deposited atoms as well as the tendency 
of outward growth from projections and, if the bath conditions are such 
that adsorption occurs in a more or less static manner (see IV (c)), the 
adsorbed substances will seriously impede the continuous lattice arrange- 
ment of the deposit metal atoms and lead to a random deposition of 
deposit crystals in spite of any substrate orientating influence. 

III. The Factors which control the Cathodic Process of Crystal 
Growth. 

From the above considerations, it will be seen that the process of 
c r y s ta l growth at the cathode is influenced primarily by (at) Ihe rate of 
arrival of the metal ions ; (6) their mobility on the cathode surface before 
becoming part of a growing cnystal ; (c) the atomic arrangement in the 
suhstcate sur&ce on which the ions are adsorbed and disch^ed ; (d) the 
conc^entration of the electrostatic field near the projecting parte of the 
more or less rough cathode surface ; (f) the presence or a^nce of other 
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ions, molecules or colloidal substances which can be adsorbed or co- 
deposited on the cathode.*® Of these, (a), (6) and (e) are in turn all 
determined by the following independent favors : (i) concentration of 
the various constituents in the electrol3d;e ; (ii) bath temperature ; 
(iii) current density and its distribution over the catiiode ; (iv) lie degree 
of stirring and convection. Except in (iii) for which only the mean values 
are available, all these factors are observable ; they control the bath 
properties such as conductivity, ps value, viscosity and surface tension 
of “^e solution. The states of the various constituents in the electrolyte 
are, howe\’er, far from precisely known. There may be present one or 
more of the following states : simple cations or anions, either hydrated 
or not ; complex cations or anions, either hydrated or not ; undissociated 
molecules and colloidal substances. 

It is difficult to predict quantitatively the effects of the above factors, 
(i)-(iv}, on {a), (b) and (e), though some general relationships may be 
indicated briefly. Thus, for a given c.d., either a higher bath-temperature, 
or a high bath-concentration or a more vigorous stirring will increase the 
rate of arrival of metal ions at the cathode by increasing both the speed 
of the ions themselves and that of the undissociated molecules diffusing 
towards the cathode region where the ion concentration tends to be 
impoverished due to deposition. Conversely, a lower bath-temperature 
and -concentration may reduce the ion concentration near the cathode 
to such an extent that deposition of hydrogen and other cations occurs, 
or metallic hydroxides or basic compounds are precipitated *• *** and inter- 
fere with the mobility of the metal ions on or near the cathode surface. 
The adsorption of solvent molecules, foreign ions and colloidal materials 
will alw'aj»s be present to a certain esdent on the cathode, but an increase 
of bath-temperature will cause these to have a more rapidly varying 
dynamic nature and hence allow more opportunity of access of the metal 
ions to the cathode surffice and also assist their greater mobility over it. 
This will tend to promote lateral growth of the deposit (uystals and yield 
larger crystals. Even in absence of adsorbed substances on the cathode 
surface, the velocities of growrth on different crystal faces are in general 
not equal. The more densely-packed planes possess the least velocity 
of growth along the plane normal, and they therefore form the predominat- 
ing boundary planes ; but if there happens to be a preferential adsorption 
of some ions, molecules or colloidal substances on certain crystal planes 
or edges, then the velocity of growth in the directions perpendicular to 
these planes will be reduced, and the habit of the deposit crystals will be 
modified accordingly. 

Introducing now (d) as well as (a), (6) and (c), we may expect that 
on a rough cathode the tendency wdU be for the metal ions to be deposited 
on the peaks where the electrostatic field is more strongly concentrated, 
the deposit for ing trees extending towards the anode. This tendency, 
howevCT, can be suppressed if met^ ions are supplied from undissociated 
molecules or complex ions in the electrolyte, when these have a high 
concentration and a long enough life to diffuse past these peaks and then 
become dissociated and discharged over the whole cathode surface. In 
some cases, the presence of colloidal substances or certain organic addition 
agen^ often leads to the formation of smooth deposits. The reason for 
this is presumably due to the strong adsorption of these substances on 
the cathode surface, especially on projections, thereby not only limiting 
the crystal growth to many small nuclei and causing HTna.11 crystal size 
of the deposit, but also reducing the tendmicy of preferential g^wth on 
the peaks. 

Whereas (a), (6) and (c) are influenced by the conditions of deposition 
as mentioned above, (c) and (d) are characteristic of the substrate surffice 

*• Hunt, J. Physic. Chem., rg32, 36, 2259. 

•® Macnaughtan, Gardam and Hammond, Trans. Faraday Soc,, r933, 39, 729. 
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which may be atomically smooth or more or less rough, and may bo 
amorphous, polj^jrystalline (random or orientated and with various crystal 
sizes) or a single crystal. Owing to the presence of a regularly-spaced 
unsaturated fi^d of adsorbing forces on or near the surface, it is to be 
expected that the atomic or ionic arrangement of the substrate sur^e 
will play an important part in the determination of the arrangement of 
the atoms in the initial thin deposit layers. We have found it is a 
general rule that good adhesion of the substrate is only obtained when 
there is a strong orientating substrate influence such as described below, 
whether the substrate is amorphous, polycrystelline or single oystal. 

lY. The Structure of Cathodic Deposits and its Relation to 
the Structure of the Substrate and the Conditions of 
Deposition. 

Experimental observations made in this laboratory “-m. using 
electron difEraction have shown that, in general, the cathodic process of 
cr3retal growth involves three stages : (i) an initial stage during which 
the structure of the deposit cryst^ is mainly determined by that of the 
substrate surface, (ii) a transition stage and (iii) a final stage, only reached 
in thicker deposits, during which the structure of the deposit crystals is 
characteristic of the conditions of deposition. We shall describe the 
growth at each stage in the following paragraphs. 

A. The Initial Stage of the Cathodic Process of Crystal 
Growth. 

Three types of substrate surface have been used — single crystal, 
polycrystalline (random or orientated) and amorphous — and the results 
will be consider^ under these heading. 

(a) Deposits on Single Crystal Substrates.^ — ^The nature of the growth 
of the first la3rers of cathodic deposits is most clearly shown in the deposi- 
tion of a metal from a solution of its simple ions on to a smooth and 
strain-free sui&ce of a single <nystal of the same metaL An electrolytically- 
polished (loo) cnbe-hice of a copper single cr3^tal (about i x i cm. and 
polished in a solution containing 63 % by weight of HjPO* and 37 % 
by weight of HjO, at 20° c. and i-o amp. /dm.*) was therefore us^ as 
t^ substrate which, after a very light etch in 2 % KCN solution to remove 
the surface oxide film, gave the electron diflraction patterns shown in 
Kg. I (ff) and i (6). From these, we observe : (i) the well-defined 
Kikuchi lines indicate that the crystal face had a high degree of lattice 
perfection ; (ii) since there are many spots lying on broaden^ Laue zones, 
at least part of the surface could not be perfectly flat ; (iii) the spots 
elongated near the shadow edge due to reflation show t]^t much of the 
surface was extremely, i.e. atomically, smooth though slightly undulating. 

Copper was deposited on to this (uystal face from a solution con- 
taining 200 g. of CuSO^ . 5 HiO and 30 g. of H,S04 per litre of solution 
at 20° c. and a c.d. of 0*05 amp. /dm.*. A deposit of average thickness 
200 A. gave the electron diflEraction pattern (Fig. 2) which ^ows ttiat 
^ the deposit continned dosdy the structure of the substrate both in oystal 
orientation and in lattice perfection. The smoothness of the original 
surface, however, was not maintained. The change from a pattern of 
elongafced sp^ to one with sharper spots, though with the KTtocbi lines 
still cleady in evidence, indicates that while toe deposit had grown so 
as to extend the substrate crystal lattice, the new sm±Lce was no longer 
smooth but covered with crystal o ntg io w tos. As toe thickness of toe 
depomt was increased to an average value of 500 a., toe dectron difEraction 
;^ttem (Pig. 3) diows the same icma as before, except that the Kikuchi 
lines have become fainter, showing toat toe surface regions were still 
rougher and that toe pattern was almost wholly duo to toe transmission 
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of the electron beam through these projections. This series of results 
indicates clearly that, in the initial stage of deposition, the deposit faith- 
fully continues the crystal lattice of the substrate surfece but -witii a gradual 
increase in the roughness of the surface due to preferential deposition on 
the projecting parts of the substrate smrface. 

Deposits of the order of a few thousand angstroms thickness of Cu, 
Ag, Au, Ni, Co, Cr and Cd on single crystals of Cu, and those of Cu, Ag, Au, 
Ni and Cr on single cr3rstals of Fe have also been investigated in this 
laboratory (Table I, and Fig. 4, 5, 6 and 7) and in many cases lattice 


Table I. — ^Deposition on Single-Crystal Substrates. 


Deposit 

Substrate 

Coacentratiou 

Temp. 

c.d. 

amp./ 

dm.**. 

Time of 

Type of Dexx>sit 

Metal. 

Surface. 

of Bath (g./L). 

®c. 

Deposit. 

C^tals. 


Depositloa on Gn Single Crystals. 


Ag 

(100), (110) 

AgCN 34*3 

20 

0*1 

xo sec. 


and randomly- 

KCN 47 

20 

0-2 

43 min. 


cut faces 

KjCOg 33 




Au 

(III) 

NaAuCl, I-83 

KCN 17-3 

20 

o-z 

10 min. 

Cu 

(III) 

CuACj.iiH^ 33 

KCN 33 

NafSOa.H^O 30 
Na^COg 10 

60 

0*3 

20 sec. 

Cu 

(zoo) poliBhed 

CaS04 . sHgOsoo 

30 

0*O3 

zoo sec. 


electro- 

lytically 

H|SO« 30 

30 

0^ 

230 sec. 

Mi 

(zoo) 

NiSO^.rHgO 60 

30 

0'2 

30 sec. 



HgBQt 30 

30 

0-2 

2*3 hr. 

Co 

(zoo) 

CoS04.(NH*), 

SO4 . 61 ^ 173 

30 

0*6 

20 min. 



NaCl 17 

H,BO, 45 

30 

0*6 

20 inln. 

Cr 

vazloui 

cib, 330-300 

various cond 

tions 



HjSO* 2 - 3 - 3-0 




Cd 

various 

CdO 26 

NaCN 73 

20-60 

1-3 

various 


P, T, some JZ (Fig. 4(a)) 

P,iir(Fig.4(W 

P,K (Pig. 5 (b)) 

P,T,faMK[Fig. 7 ) 

P, K (Fig. a) 

P, faint K (Fig. 3) 

P, r, slight JZ (Fig. 6(c)) 
P, faint K (Fig. 6(6)) 

(ixo), i-degree 

P, aUgbt JZ 
JZ always 

JZ always 


Deposition on Fe Sin^ Grystnls. 


Cu 

(no) 

as above 

60 

0-5 

various 

R always 

An 

(zzo) 

as above 

30 

O'l 

zoo sec. 

(ooz) Au//(zzo) Fe 
(oiol Au//[ooil Fe 

Ag 

(zzo) 

as above 

30 

o-i-o*a 

various 

as for Au 

NI 

(no) 

as above 

30 

0*2 

vazloiu 

JZ always 

Cr 

(no) 

as above 

variaus conditioas 

JZ always 


P -> lattice parallel to aabetcate ccyatal lattice. 

T twinning on ootahedtal planea. 

JZ ■■ randomly dJapoaed ciyatals. 

K » Klkiirlii line patteoi observed, showing smooth aniface perfect lattice. 


continuation s im ila r to the above has been observed. As in other types 
of deposition, lattice continuation occurred when the lattice spacings 
in parallel directions in the contact plane of the substrate and the deposit 
difEer by less than about 15 %. 

Twinnmg on octahedral planes was observed in all these relatively 
thin and strongly orientated deposits on Cu single crystals (including Cu 
deposited from cyanide bath) but not in Cn deposited on a Cu aiwglfl crystal 
from the acid sulphate bath as mentioned above, a-nd in Ag and Au 
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dep(^ited on Fe single crystals. Such, twinning appears to be associated 
with a considerable difference in lattice spacings of deposit and substrate 
but may also arise here from the influence of hydrogen evolution. For 
the cases of Ag and Au on the (no) face of Fe single crystals the orienta- 
tion is such that there is a close flt in spacings along parallel atom rows 
of deposit and substrate, and especially in the parallel cube faces which 
are normal to the substrate surface; correspondingly no tw innin g was 
observed, due either to this close fit or the aheence of hydrogen evolution 
or both. This relative orientation was also observed in deposits of 
Fe on Au and Pd foils which possessed nearly single crj’stal structure 
with (loo) in the film surface ; while parallel growth \vas foimd for Cu, 
Ni and Co on (no) Pt foil, Cu on (loo) Pd foil and Co on (loo) Au foil 
but not with Ni on (loo) Au foil, whose orientation was the same as that 
of Fe on (loo) Au foil. 

Twinning in electrodeposits was also observed by Cochrane and 
often occurs in thin metal deposits condensed from the vapour phase in 
vacuum.®*-** Laue •• interpreted the patterns as due to the formation 
of octahedral facets on the deposit surface while the deposit itself had 
the same orientation as the substrate lattice. Menzer,** however, ex- 
plained the corresponding spots in the patterns as arising from the growing 
together of the deposit cr^^tals to form a lattice parallel to the substrate 
lattice although initially their orientations were those of the four octa- 
hedral twins relative to that lattice. Goche and Wilman “* have also 
pointed out that these extra spots may arise largely from secondary 
scattering without the need of assuming a large proportion of superlattice 
formation. 

( 6 ) Deposits on Random or Orientated Polycrystalllne Substrates. — 
Fin^ and Sun i® fotmd that the first thin layers of electrodeposits growing 
on random polycrystalline sulwtrates in general also showed random 
polycrystalline structure. For thin deposits** on one-degree orientated 
substrates prepared by electrodeposition, parallel growth was observed 
when the deposit and &e substrate bad nearly the same lattice dimension, 
but iu other cases, such as Cu and Ni on (iii) Au, some deposit crystals 
grew in (loo) orientation as well as some in (in) orientation. This (loo) 
orientation does not appear to give a close fitti^ of the lattice spa^gs 
between the deposit metals and tibie substrate. Much hydrogen was evolv^ 
during the deposition and this might have caused some metal hydride 
formation, •*. ■*. **-** though in the case of the deposition of Ni on single 
crystal of Cu the hydrogen evolution had little effect (see Table 1 ), perhaps 
due to the closeness of their lattice dimensions. In some cases, no parallel 
lattice orientation occurred, but the orientations gave approximate fitting 
in position of atoms of the substrate and the deposit along one or more 
lattice rows in their contact planes, such as (no) Ni and Cu deposits on 
(in) Fe, (loo) Fe on (no) Au, (no) Fe on (in) Au and (no) Sn on 
(ni) Au. In the cases of (no) Ni and Cu ou (m) Fe, these orientations 
were also characteristic of the bath conditions even in very thick deposits. 

(c) Deposits on Amozphous Substrates. — ^Finch and Sun ** found that 
deposits of Cu, Au, Ni, a-brass, Pt, Sn, Bi and Zn on mechanically-polished 
Cu, of Ni and Au on mechanically-polished Ni, and of Au on mech^cally- 
polished Au all had in thin deposits random polycrystalline structure, 
becoming orientated when they increased in tMckness ; while Au, Cu, 

« YTihnaa, Proc. PJhsic. Soc., 1940, 53, 323. 

** Von Laue, Ann. Physik., 1937, 

“ M e n zer, Nat%moiss., 1938. 385; Krist., 1938, 99, 378 ; ibid., 1938, 

99, 410. 

** Gocbe and Wilman, Ptoc. Physic. Soc., 1939. 51, 625. 

•• Bossem and Gross, Z. Physih., 1933, 8i6, 135. 

** UlUliK and Bradley, J. Chem. Soc., 1926, 1669. 

*' Hhttig and Brodkorb, Z. amorg. Chem., 1926, 153, 242. 
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Ni, Fe and a-brass on an electrodeposited amoipbous atrsenic layer showed 
orientations characteristic of the bath conditions even at the initial stage 
of the deposition. Mechanically-polished metals have relatively smooth 
though usually slightly undulating aimorphous surfaces in which the atoms 
are arranged in irregular groupings which will act as the equivalent of 
small crystal nuclei adsorbing strongly the atoms of the first layers of 
the deposit. The random disposition of these atomic groups will there- 
fore lead to random polycrystalline structure of the deposits. In the 
case of arsenic substrates these conditions also apply but its adsorbmg 
force on the deposited atoms must be much weaker than that of the above 
metals which have higher melting points and surface tension. Both 
these circumstances will promote the growth of deposits having the 
orientations determined by the conditions of deposition. 

It must be pointed out that, although the crystal orientation of the 
first tbi-n layers of the deposit depends chiefly upon the nature of the 
substrate as described above, yet Sun found that within ± 0-2 % the 
lattice dimensions of Pt on Ag, Au and Zn on Cu, Ni and Cu on Au, Cr 
on Au on Cu, Fe on Ni, Cu and Ni on Pt and Fe and Cu on Pd all had 
no rmal values, all these substrates being polycrystalline, either random 
or orientated. The dissolution of the first thhi la37era of deposit in 
amorphous mech£uiically-poli.shed metal surfaces, however, hM been 
obser\’ed.i® Thus, zinc only gave its crystalline type of electron diffrac- 
tion pattern when deposited for 3 min, or more on a mechanically-polished 
copper surface, but did so after only 30 sec. deposition under the same 
conditions on a crystalline copper surface. The cr3rstal size of Cr deposited 
on Cu and Ni was found ** to be smaller than t^t deposited under the 
same conditions on Fe, Sn and Bi, although the nature of the substrate 
is, of course, not the only controlling factor. 


B. The Transition Stage. 

So far we have considered the structure of thin electrodeposits. The 
orientating influence intiatied by the substrate becomes gradually less 
as the thickness of the deposit increases, because as we have mentioned 
in the introduction, vanous detrimental effects associated with the deposi- 
tion of metal ions (such as the adsorption or co-deposition of hydrogen 
and foreign ions and the inclusion of metal hydroxides and colloidal 
substances) may disturb the regular lattice formation of the deposit 
crystals. Also the c.d. used and the temperature of the bath may favour 
the development of another orientation which is not the same one as that 
initiated by the substrate surface. 

If the substrate is a single crystal and the rate of deposition is slow, 
the orientation initiated by the substrate smdace may be followed to a 
thickness of the order of 40,000 a. or even more.^*. 1* On a polycrystaUine 
substrate composed of small crystals (a few hundred a. in diameter) in 
one-degree of orientation, the initial orientation stage extends to al^ut 
1,000-2,000 A.^* and is followed by a random transition stage before the 
development of the orientation characteristic of the bath conditions ap- 
pears at a much greater thickness. 

On random polycrystalline substrates, thin deposits consist of crystals 
in orientations corresponding to those of the individual substrate oyrstals 
and therefore they are randomly disposed, but as the thickness increases, 
the bath conditions promote the rapid growth of those crystals having 
certain definite orientations characteristic of these conditions (see below). 
For example. Finch and Williams found that Ni deposited on random 
polycrystalline Cu (a few hundred a. in diameter) developed such bath 
orientation even at a thickness of 2,000 a., while on macroscopic crystalline 

•• Sun, Ph.D. Thesis (Univ. of London, t935). 
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Cu ('^o-oi mm . in diameter), the Ni continued both the crystal size and 
orientation of the mdix-idual Cu crystals up to 5,000 A. 


G. The Final Stage of the Crystal Growth at the Cathode. 

As we have just mentioned, the random transition layer does not last 
for more than a few thousand a. if the bath conditions favour the develop- 
ment of a certain orientation. After this stage, the nature of the gro^h 
is solely determined by the conditions of deposition. The orientations 
developed in thicker deposits have been described by Finch and Sim^* 
for many metals deposited at one particular bath concentration and c.d. 
in each case. The orientations found were independent of the nature of 
the substrate. Finch and Williams also explored the connection be- 
tween the bath concentration and c.d. and the thickness of Ni deposits 
(up to 30,000 A.) on Cu. 

We have further investigated the relation betiveen bath conditions 
and the corresponding orientations developed for Au, Ag, Cu, Fe, Ni, Co, 
Pb, Zn, Cd, Sn, Bi and Sb on the smooth amorphous surface of mechanic- 
ally polished brass. The characteristic orientations were studied mainly 
over a range of thickness of zo,ooo to 50,000 a. and in a few cases, up to 
100,000 A. or more. Under constant bath conditions, the type of 
orientation developed was found to be independent of the thiclmess of 
the deposit in all cases, but the orientation became more and more pro- 
nounc^, as shown by Fig. 8, which reproduces patterns obtained from Ni 
deposited from a nickcd-sulphate boric-add bath at 55° c. and 0-25 
amp. /dm.*, but of different thicknesses. 

The results for all the metals studied, under different bath conditions. 
Ml into four groups : 

(a) amorphous deposits, 

{&) the deposit crystals are randomly disposed ; 

(c) the deposit is orientated with a less densdy-packed lattice plane 
parallel to the substrate surface ; 

(1) the plane of orientation is the lattice plane which is perpen- 
dicular to the most densely-packed atom rows in the most 
densely-packed lattice plane which is normal to the siirM» of 
the substrate ; 

(2) the plane of orientation is different from that in (i). 

(d) the deposit is orientated with the most densely-packed lattice 
plane parallel to the substrate surface. 

The bath conditions associated with each of these types of structure 
can be interpreted easily from the consideration of (i) the tendency of 
lateral growth when there is high mobility of the deposited atoms on the 
substrate ; (ii) the tendency of outward growth from the projections of 
the substrate surface ; (iii) the presence of adsorbed substances, especially 
hydrogen ions or atoms, on the cathode surffice, and other factors which 
may i^uence the mobility of the deposited atoms, such as the evolution 
of hydrogen gas. 

.^though (i) and (ii) have been discussed in the introduction, the way 
in which “^e adsorb^ hydrogen ions or atoms affect the growdi of the 
deposit crystals needs further e:;^lanation. Hydrogen ions are usually 
more or 1^ adsorbed in a state of dynamic equilibrium on the cathode 
sur&ce. When the cathode potential exceeds the reversible deposition 
potential of hydregen ions in the corresponding solution, however, the 
hydrogen ions, brought to the cathode surface by the applied electric 
field, will become more stron^y adsorbed. They are not evolved eis gas 
until the cathode potential has attained a more negative value ^’ha.n the 
snm of the reversible hydrogen deposition potential of the solution and 
the minimum hydrogen overvoltage of the cathode metal, below which 
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the adsorbed hydrogen, either in the form of ions or atoms, will be ac- 
cumulated on the cathode surface. A higher hydrogen overvoltage of 
the cathode metal corresponds to a greater difficulty of the transformation 
of these adsorbed hydrogen ions or atoms into hydrogen gas, though the 
nature of this overpotential is still not clear. If these adsorbed hydrogen 
ions or atoms can be removed as hydrogen gas, it is evident there will 
be more free space on the cathode surface, '^ough only transiently, for 
the growth of the deposit metal crystals. Excessive evolution of hydrogen 
gas of course hinders the growth of the deposit crystals, but the accumula- 
tion of adsorbed hydrogen ions or atoms on the cathode surface in a more 
static manner is still more detrimental. 

The experimental results are set forth under headings indicating the 
nature of the deposit, as follows : 

(a) Amorphous Deposits. — ^\Vhen the deposited atoms have weak 
cohesive femes (soft metals with low surface tension) and the bath con- 
ditions are such that there is an accumulation of adsorbed hydrogen ions 
or atoms on the cathode, the depwsit may be amorphous. Thus, when 
Sb was deposited from an SbCl, bath (200 g. SbClg and 300 cc. cone. HQ 
per litre of solution) at 20“ c. and 0*65 amp. /dm.*, the deposit was 
amorphous.^®* 1* Although Sb atoms have a relatively high mobility 
even at room temperature, as shown by the low m.p. of Sb and also by 
direct observation,*® their cohesive forces are weak. The evolution of 
h3'drogen which should occur in this strong acidic bath containing a low 
concentration of Sb+++, was not observ'ed, OAving to the hydrogen over- 
voltage of Sb, the current efficiency b^g 100 %. The amorphous nature 
of the deposit was evidently caus^ by the weak cohesive forces and the 
accumulation of adsorbed hydrogen ions or atoms on the cathode surface, 
hindering the lattice formation of the deposited Sb atoms. By increasing 
the bath temperature and hence decreasing the hydrogen overvoltage as 
well as increasing the mobility of the deposited Sb atoms, hydrogen was 
evolved and a deposit of about 40,000 a. thickness at 38^* c. from the 
same bath was crystalline but random ; deposits at 50° c. showed weak 
(100) orientation and those at 75° c. and 95“ c. showed stronger (100) 
orientation (see Tables II and IV). 

Finch and Sun also found that As deposited at So^* c. and 0‘6-0‘8 
amp. /dm.* from a solution containing 50 g. ASaO,, 20 g. Na^PjO, . xoHgO 
and 50 g. KCN per litre was amorphous ; and so also was Se deposited 
at 30 ° c. and i'6 amp./dm.* from a bath containing 280 g. H,SeOa, 500 g. 
H,F , and 195 g. HjSOa per litre of solution. The cohesive forces of thew 
elements are also Aveak. 

(b) Random Deposits « — ^Metals of higher cohesive forces (e.g. higher 
surffice tension), such as Sn, Pb, Bi, Zn, Cd, Cu, Ni, Co, Fe, Ag and Au 
always give crystalline deposits and the deposit (x^rstals are randomly 
arranged (Table II) under conditions when (i) there is au excessive evolution 
of hydrogen gas, i.e. the curent efficiency is low ; or (ii) there is an ac- 
cumulation of adsorbed hydrogen ions or atoms on the cathode surface 
owing to the high h3rdrogen overvoltage of the deposited metal. Both 
of these will reduce the mobility of the deposited metal atoms over the 
cathode surface as well as the tendency of outward growth of the deposit 
crystals from the projections of the cathode surface and lead to a random 
disposition of the deposit crystals. 

Of the above metals, deposits of those wdth comparatively weak co- 
hesive forces, such as Bi, Sb and Sn, are found to be less resistant to 
disturbances due to hydrogen evolution on their growth than the harder 
metal deposits, such as Ni, Au, Fe, etc., which possess stronger cohesive 
forces. The metals with weaker cohesive force usually show random 
structure oven at a current efficimicy of 80 or 90 %, while under ap- 
proximately the same current efficiency, the deposits of the harder 

•• Ruedy, Physic. Rev., 1941, 59, 926. 
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ma}’’ bo highly orientated (compare Table II and Tables III, IV and V). 

The adsorbed hydrogen ions or atoms have more influence on the 
crystal growth when the deposited metal has a high hydrogen overvoltage, 
such as Zn. Cd and Pb. Deposition under conditions when the hydrogen 
atoms or ions are not evolved as gas but accumulated on the cathode surface 
always leads to random deposit. In some cases, however, by raising the 
c.d. and giving the cathode potential a more negative -value, the evolution 
of hydrogen begins to occur and the deposit is orientated. For example, 
Cd deposited from a cjanide bath at 20“ c. and 1-25 amp./dm.* (see Table II) 


Table II. — Thick Ra.xdom Deposits o:;! Mechanically Polished Brass. 


UcUL 

Crystal 

System 

Electrolytic 

Solubon g./L 

Temp. 

®c. 

c.d. 

amp./dm.®. 

Current 
Elfic. %. 

Deposit 

Thickness 

lO* A, 

Aa 

Fxx. 

Ana, 

i-a 

20 

0-35 

40 

13-33 



KCN 

7‘2 







NaG 

0-4 





Fo 

Bxx. 

FeSOifNHjl, 


25 

1-25 

70 

30 -S 0 



SO, . 6HjO 

310 

80 

1-35 

70 

30-40 



HsSO, 

^'3 





Sn 

BxJ. 

1 Na^SnO, . 

100 


0 2 S 

So 

30-50 



1 


70 

0-05 

73 

30-30 



NaOH 

Ii 3 

70 

135 

73 

30 - t 3 

Sb 

RJhtm. 

SbG, 

.300 

3 S 

0 ny 

96 

20-10 



HG 

300 cc. 

75 

3-5 

ho 

30 

Bi 

Rkam. 

BiA 

50 

50 

0-75 

90 

30-63 



HGO, 

93 

50 

s*3o 

83 

40-85 

Cd* 

Hx.p. 

CdO 

33 

20 

1-35 

lUO 

30-36 



KCN 

S 3 





Zn* 

Hx.p, 

ZnSO, . yHfO 

100 

20 

I- 3 S 

zoo 

JO-41 




6 

20 

3-50 

100 

20-33 



NaCl 

* 

bo 

I -35 

100 

20-32 

Pb* 

Fxx. 

Pb(aO,), 

J03 

20 

o*C 

xoo 

18-30 



HGO, 

50 







Gelatine 

0-3 

33 

V b 

zoo 

20-30 


F^x. ai Face-oentied cubic. 
Bxx. => Body-oenfied cubic. 
Rlumt. «= Rbombohedcal. 


Hx.p. >• Hexagonal cluso-packod. 
R ■■ Random. 

Bxjt. Bndy-oentied tetragonaL 


* Hydrogen gas sbooM bo evolved under these conriitimis but suppressed by hydrogen overvoltage. 


had random structure, the current efficiency being about 100 °o but 
if the c.d. was increased to 3*75 amp./dm.®, with other conditions un- 
changed, evolution of hydrogen was obser\’ed (current eflELcieucy about 
93 ®o) the deposited Cd showed weak (1122) orientation (see Table IV). 


(c) Deposits Orientated with a less Densely-packed Lattice Plane 
Parall^ to the Substrate. 

1 . Deposita witii the Plane of Orientation Perpendicular to the 
most l>eaBeIy«paClcBd Atom Rows in the most Densely-packed Lattice 
Plane.. — This is observed under conditions (i) when there is no ao- 
cnmulation of adsorbed hydrogen ioia or atoms on the cathode surface ; 
(ii) when the mobility of the deposited atoms over the cathode surface 
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is low, due to low bath temperature or the evolution of hydrogen, though 
not in excessive amount ; (iii) the rate of supply of metal ions to the 
hollows of the cathode surface by diffusion and ionisation is slow, i.e. low 
bath temperature and low concentration ; (iv) a further contributing 
factor, not ahvays present, is that the metal ions in the solution occur 
only as simple ions which tend to be drawn to the projections and do not 
reach the hollows of the cathode surface. Under these conditions, 
deposition on random amorphous substrates will take place to a greater 


Table III, — ^Thick Deposits wi th Plane op Orientation Perpendicular 
TO THE Most Densely-Packed Atom Rows in the Most Densely-Packed 

Lattice Plane. 


MetaL 

j 

Ciyital 

System. 

Electrolytic Solatioa 
g./l. 

Temp. 

•c. 

c.d. 

amp/dm.^ 

Cnnent 
Eff. % 

Deposit 
Thlcknen 
10* A. 

Orientation 
of the 
Deposit. 

Au 

Fxx. 

AuCl, 

lO 

20 

1-23 

63 

13-43 

W (no) 



KCN 

36 








NaCl 

2 






Ag 

Fxx. 

AgCN 

3 S 

20 

3-0 

80 

a 6-33 

W (no) 



KCN 

3 F i 








KsCO, 

38 

1 

1 





Ca 

Fxx. 

CaAC|.aH|0 

23 








Na^,H,0 

30 

13 

0-33 

33 

30-30 

M (no) 



Na,CO, 

10 








KCN 

33 

75 

1-23 

66 

24*43 

M (no) 



CuSOj.sH/) 

200 

15 

0’25 

98 

25*45 

W (no) 



H,SO« 

30 

13 

1*23 

94 

20-40 

W (no) 

Ni 

Fxx. 

NlSO« . 7H,0 

240 

17 

0'65 

43 

30-45 

W (no) 



HsBO, 

30 

17 

i*a 5 

75 

30-40 

Af (no) 

Co 

Fxx. 

CoS04(NH,l3 








anH 

so, . 6HsO 

200 

20 

2*50 

90 

3052 

W (no) and 


Hx.p. 

HaBO, 

30 





W (1130) 

Fe 

B cx. 

FeSO,(NH,)a 









SO,.6HaO 

350 

35 

3 -F 3 

90 

30-37 

M (in) 



HsSO, 

a -3 






Bi 

Rhom. 

BijOa 

30 

2+ 

0*73 

98 

38-83 

W (no) 



HQOi 

93 






Zn 

Hx . p . 

Zn(CN)j 

48 


1-33 

40 

16-33 

M (zito) 



KCN 

64 





and 



Na,CO, 

4 


1*25 

81 

30-50 

VW(ixh) 


S mi Strong ; il ^ madhun ; PF «= wnak ; VW * vary wealc. 


e^ent on the projecting parts of the sur.^u:e and the irti tifll randomly- 
disposed crystal nuclei of the deposit will grow out more rapidly if they 
have the most densely-packed lattice-planes pOTpendiculax to the substrate. 
These deposit crystals, now projecting farther towards the anode, acquire 
a larger share of the incident atoms. Although this orientation pre- 
ponderates in thicker deposits, this mjay stUl at first only involve the 
normal of these most densely-packed lattice-planes being paralld to the 
substrate, so that the electron-diffraction pattern still consists of rings. 
The velocities of growth in the different directions of th^se planes arej 
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however, not equal, being greatest in directions along the mjost densely- 
pached atom rows in these planes. Hence, as the deposition proceeds, 
those deposit crystals which have these lattice rows normal to the sub- 
strate surface will grow most rapidly and tend to preponderate. Therefore, 
the plane of orientation developed in thicker deposit is the lattice plane 
which is perpendicular to the most densely-packed atom rovi's in the 
most densely-packed lattice plane, the latter being normal to the cathode 
surface. For the close-packed hexagonal, face-centred cubic, body-centred 
cubic and rhombohedral metals, the lattice planes which meet ihe above 
requirements are (iiao), (no), (in) and (iTo) respectively. Table III 
shows the close agreement between the experimental observations and 
the above considerations. 

The case of Zn affords another excellent illustration. Zn deposited 
from a cyanide bath at 4o°c. and 1*25 amp./dm.* and to a thickness of 
about 2,000 A. gave an electron diffraction pattern as shown in Fig. 9 (a). 
The 000/ rings corresponding to the basal planes w'ere missing and the 
10T2 and 1013 rings were diffuse and indistinct. This shows that the 


Table IV. — ^Thick Deposits whose Plane of Orientation is a Less Densely 
Packed Lattice Plane but different from those in Table III. 


Metal. 

Cryital 

System 

E echolytic Solution 
g/1- 



Current 
Eft. “u 

Deposit 
Thirkness 
10' A. 

Orientation 
of the 
Deposit. 



NiSOi . 7 HjO 240 I 

53 

HH 

1 So 

50-130 

5 (100) 



H,BO, 

30 






Ml 

Fjtx. 

Mia, . 6H,0 

140 

17 

0-S3 

75 

31-37 

5 (211) cubic 


and 







and 


Hx,p, 

H,BO, 

30 

17 

0*63 

80 

30-45 

S (1010) Hex. 

Cd 

Hx.p. 

CdO 

33 








kcn 

88 

30 

3'75 

93 

ao-30 

(iiu) 

Sb 

RkOfHm 

SbCl, 

200 

30 

0-63 

94 

30-43 

VW(ioo) 



HQ 

300 cc. 

73 

0*65 

93 

33-45 

»F{ioo) 





93 

©•63 

go 

40 

W(ioo) 


deposit crystals were flat plates parallel to oool and of relatively large 
extent in these planes, bei^use the hko rings were sharp. The crystals 
might be random but it seems probable that the basal planes were per- 
pendicular to the surface, i.e. [oooi] parallel to the surface because thicker 
deposit (53*<^^ a.) made tmder the same conditions gave an arced electron 
diffraction pattern. Fig. 9 (6), showing (1120) orientation (also very weak 
(1122) orientation) but, as in Fig. 9 (a), the 000/ rings were missing. 

2 . Deposits with other Types of Orientation. — ^In some cases, the 
deposit crystals are orientated with those less densely-packed lattice- 
plan^ parallel to the substrate, which do not meet the requirements 
mentioned in (i) (Table IV). This may be due to some cause which is 
not clear at present, although the (1122} orientation of Cd has aisn been 
noted for Cd crystals deposited from the vapour phase in vacuum. For 
Ni, which has a high tendency to become twnnned on the octahedral planes, 
tto sittaition becomes more complicated. Thus Fig. 10 is an electron 
diffraction pattern of Ni (deposited from a nickel chloride-boric acid bath ; 
see Table IV) which possesses both the face-centred cubic and the hexa- 
gonal close-packed structure due to twinning on the octahedral planes. 

(d) Deposits Orientated with ffie most Densely-packed Lattice Planes 
Parallel to the Substrate < — There will be a tendency for tbnaa cryp tal 
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nuclei having the most densely-packed lattice-planes parallel to the sub- 
strate to grow sideways more rapidly than the others if (i) there is no ac- 
cumulation of adsorbed hj^drogen ions or atoms on the cathode surface ; 
(ii) the bath temperature is high, ensuring high mobility of the deposited 
atoms over the cathode sur&ice and a high rate of diffusion of metal- 
containing molecules to the cathode region ; (iii) little or no hydrogen 
evolution occurs during the deposition ; (iv) there are present oiiier 
factors which will suppress the tendency of outward growth, such as the 
presence of little-dissociated complex ions of the deposited metals in the 
solution. The lateral expansion of tJiese planes enables them to receive 
more incident metal ions than the other lattice planes and the deposit 
crystals will be orientated for the most part with these most deni^y- 
packed lattice-planes parallel to the cathode surface. This is illustrated 
in Table V. 

TABLE V. — ^Thick Deposits Omentated with the most Densely packed 
Lattice Plane Parallel to the Substrate. 


Iletol. 

Crystal 

S^l>tem. 

Electrolytic 

Solution 

Temp. ! 
® c. 

c.d. 
amp / 
dm.^ 

Curr. 
Efi. 0,0. 

Deposit 

Thickness 

10* A. 

Orientation 
of the 
Deposit 

Au 

Fx.e. 

AuCl| lo 

30 

0-23 

100 

15-30 

AT (ixi) 



KCN 36 

NaCl a 

50 

0*33 

100 

* 7-43 

JW (ill) 

Ag 

Fxx. 

AgCN 35 

KCN 37 

KjCO, 38 

30 

O'l 

100 

30-40 

M (ill) 

Cu 

Fxx , 

CoAc, . aH^ 33 
Na,S^.H,0 50 

KCN 35 

NajCO, 10 

75 

0*35 

84 

30-30 

AT (III) 

Fa 

Bxx . 

FeSO, . (NH 

SO4 . 6HgO 330 
HaSOi 3-3 

80 

3-75 

90 

20-43 

Bf (no) 


One of us (L. Yang) wishes to express his thanTra to the Board of 
Trustees of the Sino-Biitish EducatLonal and Cultural Fund for a scholar- 
ship which enabled him to carry out part of this work. 


Summary. 

The cathodic process of crystal growth, as revealed by electron dif- 
fraction and described above, is a process involving three stages and con- 
trolled by various factors which ffdl under two principal headings, the 
substrate inffuence and the bath inffuence. It is their net effect which 
determines the process of growth at ^ch stage. The adhesion of the 
deposit is good if the substrate inffuence in the initial layer is not 
counteracted by the bath inffuence. The other properties of thicker 
deposits are, however, determined by the bath conditions. 

RSsum^. 

Comma le rAv^ la diffraction des Electrons, la croissance d'un distal 
A la cathode comporte trois stades et est contr616e par divers facteurs, 
qni penvent dtre rang^ sons deux rubriques principles : I’inffuence dn 
snbstrat et celle du bain. C'est leur effet r4sult^t qui determine le 
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processus de croissance k chaque 6tape. L’adh^rence du d^pdt est bonne, 
si I'influence du substrat fiflua la couche initiale n'est pas contraxi^e par 
I’influence du bain. Cependant les autres propii4t6s de d4p&ts plus 6pais 
sent ddterminSes par le bain. 

Zusammenf assimg . 

Elektroneubeugungsversuebe habeu gezeigt, dass der Kristallwuchs 
an der Kathode eiu aus drei Stufeu bestehender Prozess ist. Die darauf 
einwirkeuden Eindiisse fallen in zwei Hauptgruppen, u.zw. (a) durch 
das Substrat und (6) das Bad verursachte. Der NettoefEekt dieser Ein- 
fliisse kontroUiert den Kristallwuchs bei jeder Stufe. Die Haftfestigkeit 
des abgeschiedenen MetaUs ist gut, wenn der Substrateinduss auf die 
erste S^cht nicht durch den Ei^uss des Bades zunichte gemacht wird. 
Die anderen Eigenschaften von dickereu Kiederschklgen warden aber 
vom Zustand des Bades bestimmt. 

Imperial College, 

London, S.W.'j. 
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THE INFLUENCE OF CHANGE OF SIZE IN 
ELECTROCHEMICAL SYSTEMS. 

By J. N. Agar and T. P. Hoar. 

Received i^tk March, 1947. 

There are many practical cases of diectrolytic cedis of large size. 
Familiar examples are electroplating, electro-cleaning and electro-winniag 
vats ; “ stray-current " cells set up between earthed return mains and 
buried structures ; gal^'anic cells involving ships’ propellers and hulls ; 
and the more complex cells that arise when zinc protectors and other 
forms of cathodic protection are applied to such stray-current and galvanic 
systems. On the other hand, electrolytic cells of very small size are also 
of considerable interest. Examples are the cells set up in oxide-film 
pores in the early stages of corrosion ; the similar cells associated with 
pitting and intergranular corrosion ; and the cells set up during the acid 
attack or the mebllographic etching of polyphase alloys. 

It is oftmi convenient to study Ihe electrolytic processes of both large- 
and small-scale systems by experiments of " laboratory " size, usmg 
electrode areas ranging from a few mm.^ up to about r dm.° and cells 
ranging from a few mm. to a few cm. in linear dimensions. We shall 
show in this paper that such “ model ” experiments do not reproduce 
the conditions of electrode polarisation and current distribution found 
on the original scale, unless a proper adjustment of electrolytic conductivity 
is made. 

Cells of Different Sizes with the same Electrolyte. 

Consider two electrolytic cells, A and B in Fig. z. that difier only in 
size, the electrode reactions and ^ectrolyte being the same. The E.M.F. 
zesponsiblB for the Sow of current may be due to a difierence in the open- 
dreuifc potentials of the two dectrodes or to an external source. In either 
case, the total E JkLF. arising in the dreuit has to overcome : 

(а) the rraistance of the dectrol]^ ; 

(б) polarisation at the two electrodes ; 

(c) the (metallic) resistance of the external circuit. 
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The resistance of the electrodes themselves is assumed to be negligible, 
so that all points within an electrode are at the same potenti^. We 
define the " available voltage," as that part of the total E.M.F. which 
is absorbed in overcoming (a) and ( 6 ). 

Let JBi and E, be the pola^sations at arbitrarily chosen points P and Q 
on the electrodes i and 2 (Fig. i), and let Vf be the voltage drop in the 
solution betv\*een a point immediately adjacent to P and another point 
immediately adjacent to Q. The polarisation is defined as the difference 
between the potential of a working electrode and potential of the same 
electrode on open circuit ; £„ Vf. and P, are all taken to be positive 

without regard to the usual conventions. We thus have 

£1 + iJ. + Pr = P. (I) 

The current density generally varies from point to point of the electrode 
sur&ce, and in consequence Ex and E^ vary according to the position of 
P and Q. It has been assum^ that the electrode itself is equipotential, 
but the solution in immediate contact with it will usually not be so, owing 
to the variation of Ex and £, ; it follows that the current lines in the 
electrolj’te do not in general cut the electrode normally, that is, there is 
a tangential as w’ell as a normal component of current density at the 
electrode. The normal component, amp. /cm.*, determines the number 


6 




Fig. I. 

of ions CTossing the electrode solution interface and the polarisation, and 
it is t his component which is commonly called the ” current density ’’ 
in the discussion of electrode reactions. ^ 

If we now consider anj*’ line joining P and Q, we have 

= w 

where k is the specific conductivity of the electroljd® (assumed to be 
s^e at ^ points), i, amp. /cm.* is the component of current density in 
the direction of the line at any point on it, and ds is an element of leiwrth 
measured along the line. If the total length of the line is 1 cm. we^y 
write as — ld<r, where a denotes position along the Hnw measured as a 
ira.ction of its totsi leng^th.. Hghcc (2) boconiGS 




which, in combination with (i), gives 


■El + Fj H — f 1 , . da 3= V„ 


^e elet^lysis in the two cells may be controlled either by adjusting 

^ avai^ble voltage "or by adjusting the current by external resistance 

1^0 unportant operatmg conditions may be considered 

Case (i).— -The " available voltage " is the same in both cdls. This is 
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usually the case in corrosion cells, where the total E.M.F. is equal to the 
difference of the open-circuit potentials of the anodic and cathodic areas, 
and the resistance of the metaUic part of the circuit is negligible. 

Case (ii). — ^The avetage c.d. at the electrodes is the same in both cells, 
i.e. the total current is proportional to the area of the d.ectrodes. This is 
the case in electroplating. 

If cell B were a " true ’’ model of cell A, the current densities and 
potentials would in both cases be the same at all corresponding points 
in the two cells ; hence, if we consider geometrically similar lines joining 

corresponding points, P and Q, on the electrodes, F, and j i, . da must 

• 0 

each be the same in both cells. 

Inspection of equation (3) shows that this cannot be true, since the 
feujtor 1 /k is greater in cell A than in cell B. Hence B cannot be a true 
model of A. 


Very Large and Very Small Cells. 

Case (i) : Va Constant. — Since all the terms in (i) or (4) are positive, 
Vr must alwa3rs be less than Va- Hence, when I is made very large, i.e. 
in a very large ceU, i, must on the average become very small ; since no 
restrictions have been placed on the position or direction of the line con- 
sidered, this must be true of the current density in general, including the 
normal component at the electrodes. In consequence, and become 
very small and we have 

T’r T -^2 . . . . . (5) 

and TV ~ 

The polarisation is thus negligible in a very large cell, as indicated by 
Kasper » ; the magnitude of the current is controlled by the resistance 
of t^ solution and its distribution approaches that which would be ob- 
served with unpolarisable electrodes. The current density at any point 
is then given by an expression of the form 



where C depends only on the position of the point within the cell. 

On the other hand, if Z is made very small, we ultimately reach a con- 
dition in which 

TV<-Ei-1-£'j (7) 

and J 5 , -j- £9 <— TV 

The magnitude and distribution of the current are now controlled by the 
polarisations ; if the polarisation curves have the same form at aU points 
on the electrodes, the current density is uniform. 

Case (ii) ; Mean G.D. Constant. — ^In this case, equation (4) still holds, 
but Va is no longer constant ; on the other hand, the mean current 
density on the electrodes does not alter when I is increased, so that Ei 
and £9, and the \’alues of i, at corresponding points in the two cells, must, 
in genual, remain constant as regards order of magnitude. Both Vr 
and Va thus increase with I, and for very large I we have as before 

Vr>E^ + E, ( 8 ) 

and V^'^Vr 

The distribution of current and potential are approximately the s£ime 
as for unpolarisable electrodes, and the mean current density is related 
to by an equation of the same type as (6). 

' Kasper. Trans. Electrochem. Soc., 1940, 78, 131. 
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For very small I, we again have 

Vr< + £. ( 9 ) 

and Va 

and polarisation is the decisive factor. 

The above discussion shows qualitatively that the resistance of the 
electrolyte becomes increasingly important in determining the magnitude 
and distribution of current and potential in electrol}rsis as the size of the 
cell is increased ; polarisation becomes increasingly important as the size 
is decreased. A more quantitative treatment, for a simple tjqie of cell, 
is given in the foUowing paper. It is there shown that a certain leng^, 
may be defined in terms of the specific conductivity of the electrolyte 
and the dope of the polarisation curve, and the relative importance of 
polarisation and resist^ce of electrol3^e in any cell depends on the ratio 
of X to the linear dimensions of the cell. 

Conditions for ** True ’* Model Experiments. 

We have so far postulated that the specific conducti\-ity, k, has the 
same value in the large cell A as in the small cell B ; we now consider 
simultaneous \'ariation m k and in the size of cell. 

It has already been mentioned that, if B is a true model of A, the 
current densities and potentials must be the same at corresponding points 
in the cells A and B. It follows that V„ and Ei and jE| (at corresponding 
points F and Q) must also be the same in the two cells. Under these 
conditions, (4) is satisfied for both cells pro\'ided the ratio 1 /k remains 
constant, i.e. pro\'ided the specific conductivity of the electrol3^e is 
proportional to the hnear dimensions of the cell and electrodes. This is 
the essential condition for geometrically similar cells of difierent sizes 
to be true models of one another. In practice, the required change in 
K can readily be brought about by changing ^e concentration of the 
solution. 

It is, however, important that the available voltage and the polarisa- 
tion curves should not be changed thereby, since it has been implicitly 
assumed above that Va, £1 and E, have the same values in both cells if 
the current densities remam the same. It seems likely that changes in 
concentration of the electrolyte will not have much effect on diffusion 
phenomena involving uncharged solutes such as oxygen, which are an 
important factor in the cathodic polarisation in most corrosion systems. 
Polarisation of the anodes in corrc^on sometimes arises from the re- 
sistance of pores in an oxide-film. If these pores are filled with the main 
electrolyte, the polarisation curve will change considerably with the con- 
centration and true model experiments will impossible ; if, on the other 
hand, they are filled with a solution of a salt of the underlying metal, the 
change %vill probably be slight. 

The dependence of Ei, E, and F, on concentration can be determined 
experimentally, and the possibility of adjusting the conditions in the tM'o 
cells so as to allow for any observed change must be considered. It is 
doubtful whether any such adjustment will generally be possible as far as 
changes in the polarisation are concerned, owing to the complicated nature 
of such changes. But in some cases it would be possible to allow for 
changes in Va by. introducing an additional E.M.F. at some point in the 
metallic part of the circuit. 

This analysis was prompted by researches carried out in the Corrosion 
Res. Section, Cambridge, and we are much indebted to Dr. U. R. Evans 
for his constat interest and support. 

Summary. 

Consideration of two cells having the same electrolyte and electrodes, 
but differing in size, shows that they are not, in genmal, true models of 
F 
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one another, as regards the magnitude and distribution of current and 
potential. In very large cells, -^e resistance of the electrol5rte becomes 
the most important factor, while in very small cells electrode polarisation 
is predominant. Two cells of different sizes may be true models of one 
another pro\’ided the specific conductivity of the electrolyte is made 
proportional to the linear dimensions. 

R£sum4. 

Consid^iant deux cellules avec le mfeme Electrolyte et les mEmes Elec- 
trodes, mais de taiUes diffErentes, on montre qu’elles ne se comportent pas, 
en gEnEial, de fa^on absolument identique en ce qui conceme la grandeur 
et la rEpartition de I’intensitE et du potentiel. Dans de trEs grandes 
cellules, la rEsistance de I'Electiolj’te devient le facteur essentiel, tandis que 
dans des cellules trEs petites, la polarisation k TElectrode prEdomine. 
Deux cellules de tallies diffErentes peuvent se comporter de fa9on tout k 
fait identique, si Ton choisit deux Electrolytes tels que les conductivitEs 
spEcifiques sont proportionnelles aux dimensions respectives. 

Zusammenfassnng. 

Ein Elektrolysieibad, das dieselbe Elektrolytliisimg und gleichartige 
Elektroden wie ein zweites enthalt, aber verschieden gross ist, ist im 
allgemeinen nicht ein getreues proportionelles Abbild dieses srweiten 
Gef asses, was die Grfisse und Vert^ung von Strom und Ladung anbelangt. 
In sehr grossen GefEssen ist der Widerstand der Elektrolytlosung der 
bedeutendste Faktor, wahrend in kleinen Gefassen die Elektrodenpclansa- 
tion am wichtigsten ist. Das obenvahnte Abbild ist nur dann getreu, 
wenn die spezifischen Leitfahigkeiten der Elektrol^’te in den zwei Badem 
den Unearen Dimensionen der Gefasse proportion^ gemacht werden. 

Laboratory of Physical Chemistry, Metallurgy Laboratories, 

University of Cambridge. University of Cambridge. 


FACTORS IN THROWING POWER ILLUSTRATED 
BY POTENTIAL-CURRENT DIAGRAMS. 

By T. P. Hoar and J. N. Agar. 

Received 13/A March, 1947. 

The " throwing power ” of an electroplating bath is qualitatively 
■well understood ; a bath has good throwing power if it is possible to 
deposit a reasonably even coating on a cathode of irregular shape, without 
recourse to shaped anodes or other geometrical devices. It is also well 
known that good throwing power is feivoured by low electrolytic re- 
sistance and by high cathodic polarisation — though as will appear, the 
latter term requires more exact definition than it is usually given. Throw- 
ing power has been estimated quantitatively by a number of experimental 
methods, all of w'hich are nec^sarily simplifications of the complex con- 
ditions occurring in practice ; that due to Haring and Blum ^ is the best 
known, and is the one we aha-li discuss. 

Potential-currmit diagrams have been used to illustrate anH clarify 
inter alia cathodic effidency and resistance losses in electroplating,* the 

and Blum. Trans. Amer. Electrocheni. Soc., 1923, 44, 313. 

■ Field, The Prindples of El^trod^osition (Fitmau, 1944). 
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mechanism of film breakdovoi and repair on corroding metals,® the velocity 
of metallic corrosion,*. “• • the melanism of corrosion inhibitors and 
accelerators,’ cathodic protection,® and the electrochomistry of bi- and tri- 
metallic corroding systems such as arise in cases of metallic coatings on 
metals®. and of zinc protectors as applied to ships’ huUs.^^ They do 
not, however, appear to have been hitherto applied to throwing power. 

Gardam h^ discussed throwTug power, as estimated by the Haring 
Cell technique, 1 analytically -without reference to potential-current dia- 
grams. The following anal}^ is partly similar -to Gardam’s, but taken 
in conjunction with ^e diagrams gives perhaps a more vivid picture of 
the fartors -that influence throwing power. 

The Haring Cell arrangement is shown in Fig. i. Two electrically 
connected cathodes are disposed at the square ends of a rectangular box. 
The gauze anode is arranged further from one cathode tba.Ti the other, 
so timt when electrol^’sis occurs, the further cathode at distance li cm. 
carries less current and receives a lighter deposit, g., than that, g., 
received by the nearer cathode at distance cm. If the " length ratio ” 
in the cell is = L and the “ metal ratio ’* is tnijmi = M, throwing 
power T may be expressed ■ numerically by 


T = 


L-M 
L-\- M - z 


X 


100. 


(I) 


Thus when the far cathode receives a metal deposit equal to that received 
by the near, M = i and the thro-wing 
power is 100 ; when M = L, the 
-throwing power is o ; and when 
there is no deposit on the far cathode, 

M = CO and -the throwing power is 
— 100. 

We shall first assume -that the metal 
ratio is equal to the cathodic Fig. x.— Haring cell for estimation of 

current ratio, i.e. that the cathodic throwing power, 

current efi&ciency is the same at the 

two difierent cathodic current densities. We shall also assume that the 
dectrol3dic resistances of -the alternative current paths are proportional 
to the ^stances and f,. 

Let 

be the current in amp. flowing to J:he far cathode, 

Ig the current in amp. flowing to the near cathode, 

the “ single potential ” m volts of the far cathode on the hydrogen 
scale (i.e. the potential difference between points on either side of 
and close to the metal-solution interface, the single potential of 
the normal hydrogen electiode bemg taken as o and the single 
potentials of noble metals being reckoned positive), 

£,g the mngle potential in volts of the near cathode, 
the single potential in volts of the anode, 

Va the E.M.F. in volts of the d.c. source, 

Egthe electrol3rtic resistance in ohms between the for cathode and 
the anode. 





Aeode Re CalkodtZ 


1 " ' ' : I . 

1 ^ 
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Rx the electrolytic resistance in ohms between the near cathode and 
the anode, and 

jR, the external resistance in ohms in series with the d.c. source 
and the electrodes. 

The relationships between these magnitudes are illustrated in Fig. 2. 
AG is the £*// curve for either catiiode ; if we select the metal of the two 
cathodes as a point of zero potential, and are the potentials of 
points in the electrol3d:e adjacent to the far and near cathodes respectively. 
AH is the curve for the anode ; in order to bnng it into the correct 
relationship with the Eg curve for the cathodes, each point on it must be 

shifted do^vn^va^ds through 
a distance — IR, to 
allow for the applied 
E.M.F,, and for the 
fall of potential across the 
external resistance R. due 
to the current I. This 
gives the line BJ, and we 
are interested in ^e point 
on it representing a total 
current (Jj + /,) and the 
potential of the electrol5rte 
adjacent to the anode, 

- {T’a - (A + 

The fall of the potential 
across the electrol3d:e be- 
tween the far cathode and 
the anode is thus — 

£a - {F. - (A + 

and the fall between the 
near cathode and the anode 
is - [F A- {F, - (A + 
The resistances Ri, 
Fig. 2. — ^Potential-current relationships in the in Fig. 2 and the foUow- 
Haxing cell. jug diagrams, are equal to 

the slopes of the lines OP, 
OQ, etc. ; they are throughout drawn with a ratio of dope of 5:1, since 
this is the usual length ratio in the Haring cell. 

By Ohm’s law 



- [^A - {F. - (A + = Ai?i, 

- \E^ - {7. - (A + h)Re}l - /.P.- 


Thus 

Rei — Ret ~ A-^l — ^tR%’ .... 

• ( 2 ) 

or 

(£„ - £.,) 7A - /A ~ (v®* 
(7,-~A) (A -A) /A\ , ' 





whence 

A i2x+ (F«-£..)/(A- A) 

A J2.+ (£n---EjyiA- A) * 

• ( 3 ) 


By dividing both sides of (2) by (A + I%i instead of by (J, — A) we 
obtain 

I. R>-(F.,-£e.)/(A + I 0 .. 

A J?. + (£n~-EH)/(A4-I.) • • • 

an equation equivalent to that obtained by Gaidam.^ 

We thus obtain the cathodic current ratio /|/A in terms of the electro- 
lytic leskstances, Rj, Rp the difiterence of the single potentials of the 
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cathodes, and either the difference between or the sum of the 

cathodic currents ii and 7g. Gardam, using Iris equation equivalent to 
(4), points out that the current ratio depends on the total current, which 
is equal to twice the mean cathodic current. Equation {3), however, 
bringing in the difference bebveen the two cathodic currents, is yet more 
revealing ; it may be vTitten 


7, - AE,/A7 

7i Rt - A£b/A7 


{3a) 


where A£, is the increase in £* (actually always negative), and A7 the 
increase in 7, as we pass from cathode i to cathode 2. Now AEgJ^I is 
a magnitude of fundamental importance : it is approximately equal to 
dEe/d7 for the Ee/7 curve over the range £*1 to £*,, being of course exactly 
equal to dEg/dl if the 
curve is rectilmear. 

The current ratio 7j/7i, 
which (if w’e assume con- 
stant cathodic current 
eflSciency) decides the 
throwing power, therefore 
depends upon the re- 
sistances Ri and iZ, and 
upon the slope of the EJI 
curve. Evidently, increase 
of — AjE,/A 7 relative to 
Ri and R^ decreases 
down to a limit of i (perfect 
throwing power), while de- 
crease of — AEJAI in- 
creases Itjli up to a limit 
of (no throwing 

power). In general, if we 

define throwing power T by (i) and take M = = 7,/7i, we readily 

obtain 



T = 


2R,/ 


A7 


X 100 


(5) 


giving a variation of T from o to 100 as AE„fAI varies from o to — • 00. 
This equation is general whatever the form of the £,/7 relationship ; the 
equivalent equation obtained by Gardam contains d£«/d7 instead of 
A£e/A7, and is thus valid only for a rectilinear Eg II curve. 

Several particular cases may be illustrated graphically. 

(I) Influence of Electrolytic Resistance. — ^Fig. 3 shows the effect of 

diminishing J?x and R^ sixfold to Rf and R^, when Al£,/A 7 remains constant ; 
the current ratio is decreased from 7,/7x to This effect is obtained 

in practice by adding a non-depositing salt such as sodium chloride to a 
plating bath to increase conductivity. 

(II) Influence of Cathodic Polarisation. — ^It is commonly stated that 
good thro^ving power, i.e. 7,/7i -► i, is favoured by “ large cathodic 
polarisation This is inexact. Cathodic polarisation is, properly, the 
change in single potential of an electrode whm it is polarised calhodic^dly. 
We lave shown, however, that the interesting function is the increment 
of cathodic polarisation relative to the increment of cathodic current 
as we pass from the far to the near cathode — that is, the mean gradient 
of the cathodic polarisation curve between the current values 7i and 7,. 
When this gradient is small, Z,/7i approaches Ri/i?* (Fig. 4a) ; when it 
is large, 7t/7i approaches i (Fig. 46). General increase of gradient of 
cathodic polarisation curves, and consequent better throwing power, is 
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l66 

obtained in practice by the ose of addition agents, and/or by depositing 
from a complex-ion electrol 3 d» ; it is also favoured by low temperature. 

(ill) Influence of Total Gurtent. — The total current (7i + I %) for a 
given electrolyte in a Haring Cell may be increased either by increasing 



Fig. 4 (a) and (6). — Influence of slope of cathodic polarisation curve. 


the E.M.F., Va, of the d.c. source (as with a variable transformer-rectifier 
source) or by decreasing the external resistance i?,. Fig. 5 shows the 
efiect of increasing (/j -j- /*) by increasing Va/Ri, jff, and J?, remaining 
constant; a general form of cathodic £^11 cm^^e is illustrated. It is 
evident that mcrease of (/i + Jj) influences cnly in so far as it leads 
to different values of Aii'e/AJ. In the case illustrated, the first increase 

of /j and 7, to 7i' and 7#' 
(to the region where 
A£a/A7 is sxnall) leads to 
an increase of current 
ratio, while the further 
increase to 7/' and 7,'' 
(to the region where 
AEe/A7 is again large, 
due, for example, to con- 
centration polarisation at 
high currents) leads to a 
decrease of current ratio. 

(iv) Influence of Ca- 
thodic Current EfiBc- 
lency. — ^The assumption 
we have so far made, that 
the current ratio 7,/7i in 
the Haring Cell is equal 
to the metal-deposition 
ratio is not gener- 

ally exact, since the 
efficiency of the metal de- 
position generally varies 
with current density. If 
Cl and Cj are the ca&odic 
current efficiencies at the 
far and near cathodes 
respectively (i.e., the frac- 
tions of the cathodic currents that are accounted for by metal deposited), 
then 



Cili 


miF 

‘j 


Tn,, and C^, = 


whoreFis Faraday’s number, t sec. the time of current flow, J the equivalent 
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weight of the metal and 1** amp. are the currents equivalent to the 
metal deposition. Thus, from (3) and (3fl), 

I n Ri AEfjAI # » 

m, - AEJM • 

Alternatively, from (2), 

= I,R, - 

and hj" the method used for obtaining (3) and (3rt) we thus have 


Lai =i A£f/A 7 ^ 

^ Ml Rtl^t 


This last expression gives the mctal-deposition ratio in terms of the re- 
sistances, the current efl&ciencies and A£,/A/*, the last term being 
evidentlv related to the true metal-deposition polarisation curve^ in 
cxactlv the same way as Aii, 'A/ is related to the total cathodic po^risation 
cuiwe. This is illustrated in Fig. 6. If we are, from the practical point 
of vien , more interested in 
Jill i}\ than in 7j /j, we should 
focus attention on {7) or (8) 
rather than on (3), and on the 
geometry of the metal-deposi- 
tion polarisation curve as 
well as that of the total 
cathodic polarisation curve. 

The influence of change of 
cathodic current efficiency 
on Wj/Wx is clear; Cx> C, 
is the favourable condition 
for the reduction of Wj/wii 
towards the ideal \'alue of 
unity, a fact well appreciated 
in practice. 

It is not possible to obtain Fig. 6. — ^Influence of cathodic current efficiency, 
a simple expression for throw- 
ing power T, equivalent to (5), for this case where aJid we 

must be content mth the t\vo alternative expressions for int/mi given in 
{7) and (8). 

(y) Influence of Size. — ^The influence of the size of the Haring Cell 
may be obtained by transforming (3) into terms of current density i 
amp. /cm.®, and specific conductivity k mhos /cm. If fj. It cm. are the 
lengths of the two electrolyte pat^ and A cm.® is the area of each 
electrode, 

i?! = III A K, Rt = It/ A K 

and 7i = iiA, 7, = »,/4. 



Thus 


^ ^ li — kAEJM ^ I1 + X 
t'l It — K AEJAi -{- X ’ 


(9) 


where x == ~ ^ AEe/Ai and is dimensionally a length. This is the most 
fundamental form of the current-ratio equation, because AEe/Ai does not 
depend on the area of the electrodes, whereas AEg/AI, of course, does. 

In a very large cell, where Ij, and It are much greater than x, 

— ^in other words, the throwing power tends to zero ; for an infinitely 
small cell, on the other hand, it/h = i and the throwing power is 100. 
This point is of practical interest, since it clearly shows that a large-scale 
industrial plating bath will have poorer throwing power than a small 
experiment baih using the same electrolyte and the same current density. 
It is evident from (y) that the only way in which throwing power may be 
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maintained, as we pass from smaller to larger scale, is to make k pro- 
portional to and ; that is, specific conductivity must be increased 
proportionately to size. 

The present case is thus an example of the general argument concerning 
linear dimensions given in the prece^g paper, and, in a system of such 
simple geometry as the Haring Cell, that argument may be developed 
more quantitatively. It has already been mentioned ihat x = “ * AEe/Ai 
is a length, and it is clear that x represents the ratio of the mean slope 
of the polarisation cur\*e to the specific resistance of the electrol3de, ijx. 
Inspection of (9) shows that the current-ratio is mainly governed by the 
lengths of the current paths in the electrolyte, and Zj, (i.e., by the re- 
sistance of the electrolyte) when and Zj axe greater than x- Conversely, 
the current-ratio is inainly determined by polarisation when li and Z, 
are less than x- It is also clear from (9) t^t the actual current-ratio 
in the Haring Cell (with real, polarisable electrodes) is the same as that 
which would be observed in a cell fitted with ideal, non-polarisable elec- 
trodes at distances /i 4 - x h + x> instead of Z^ and In other words, 
the efiect of polarisation on the distribution may be simulated by adding * 
a distance x to the lengths of the actual current paths in the electrolyte 
and treatmg the electrodes as non-polarisable. 

An exact discussion of cells and electrode S3rstems more complicated 
than the Hanng cell cannot be given in simple terms, but an estimate of 
the relative importance of polarisation and resistance of the electrolyte 
can be made in a similar manner, i.e., by considering the ratio of x to the 
appropriate linear dimension. 


Summary. 

The relationships between current, potential and resistance for the 
Haring throwing-power cell are derived, and illustrated by means of 
potential/current diagrams. The influence of electrolytic resistance, 
cathodic polarisation, cathodic current density, cathodic current efficiency 
and size of the cell are evaluated and discussed. 

R6sam§. 

On 6tablit et illustre par des diagrammes potentiel-intensiffi, les rela- 
tions entre intensity, potentiel et resistance dans la cellule de Haring pour 
retude du pouvoii couvxant. On lvalue et discute I'influence de la re- 
sistance eiectrolytique, ceUe de la polarisation cathodique, de la densite 
de courant cathodique, de I’efficacite cathodique par rapport h I’intensite, 
enfin celle de la taille de la cellule. 

Zusammenf^simg . 

Die ReLationen zwischen StromstSrke, Spaonung und Widerstand bei der 
Haring’schen Messmethode weiden abgeleitet und mit Hilfe von Spannung- 
StromstSrkekurven dargestellt. Der KinflusH des elektrolytisch^ Wider- 
standes, der Polarisation, Stromdicffite und Stromauswertung an der Kathode 
und der GrSsse hlessgefBsses \veTden berechnet und b^prochen. 

Meiedhirgy Laboratories, Laboratory of Physical Chemistry, 

Universify of Cambridge. University of Cambridge. 


1* Agar and Hoar, this vol., p. 158. 

♦ X is positive since AE«/A< is negative. 



OVERVOLTAGE IN METAL DEPOSITION 
AND DISSOLUTION * 

I.— NICKEL. 

By F. W. Salt. 

Received zBth March, 1947. 

The ^ectronic interrupter devised by Eackling ^ has been used to study 
the decay of the polarisation * which accompanies the electrolytic deposition 
and dissolution of nickel, and to determine the polarisation fr^ from 
resistance error. The influence of current density, ^h, buffering agents, 
nickel-ion activity, and temperature on the polarisation and its decay has 
been investigated. 


Exp^lmental. 

(a) Cathodic Polaiisatiou. — ^Electrolyses were carried out in a 150 
ml. tall Pyrex beaker fitted with a rubber bung carrying a thermometer, 
hydrogen dehvery tube, Luggin capillary, anode compartment — a glass 
tube, I cm. diam., with the lower end clo^ by a filter-paper plug — and 
the cathode — a di^, 1*13 cm. diam., of pure nickel foil welded to a nickel 
wire which was fixed in a glass tube with sealing-wax. There was a length 
of about 2 cm. of wire between the foil and the tube ; the side of the foil 
to which the wire was attached and the exposed wire were insulated with 
Necol varnish, leaving a cathode area of i sq. cm. The same cathode was 
used repeatedly unless the deposit from a previous electrolyte was rough or 
exfoliate. A spiral of platinum wire, i sq. cm. in area, s^ed into a glass 
tube, formed the anode ; the level of the anolyte was maintained below 
that of the catholyte. To keep the temperature of the electrolyte constant 
(within ± 0*5® c.), the cell was suspended within a 800 ml. beaker which 
contained water heated by a microbumer. The solid constituents of the 
electrolyte were dissolved separately, and the solutions were filtered, 
boiled, cooled, and mixed. Ammonium hydroxide was added either as 
the concentrated solution (o*88 s.o.), or suitably diluted with air-free water. 
All reagents were of " Analar " grade, and were used without further 
purification ; the nickel content of the solutions was checked by analysis. 
The Ph of the solutions was measured with a Cambridge pH meter ; the 
values are quoted to the nearest o«i unit only, because changes of that 
order occurred after electrolyses at high c.d. in some electrolytes. 

Hydrogen from a cylinder was passed, for 2 hrs. before electrol3rses 
commenced, first through a portion of the electrolyte in a Drechsel bubbler, 
and then through the m a in electrolyte ; it escaped through a am all hole 
in the wide portion of the Luggin capillary in which rested one limb of an 
inverted C 7 -tube filled with saturated potassium chloride solution 
closed with filter-paper plugs. A loose rubber sleeve which fitted round 

* Conunuuicatiou from the Armament Research Departmmit, Ministry of 
Supply. 

* Trans. Faraday Soc., 1937, 33 ? I 540 - 

*The literature of metal overvoltage in gexieral tiM been reviewed recently 
^ Ioffe {Uspekhi KhUn., 1943, 13, 438) and Butler miaOrocapiUarity, 1940, 166). 
Earoe riTn e n t al investigationa of nickel overvoltago dniing the past twenty years 
include those of Makar’eva {Butl. Acad. Sci. UJR.S.S., i94r, 573), Verdieck, 
Ksydd and Yntema {Trans. Amer. Electrochem. Soc., 1941, 80, 41) ; Ynza and 
Kbpyl (/. Physic. Cham. (Puss.), zg^. 14, 1074) Essinand Loschkarev (ibid., 
1939. I 3 » 186) : Foerster and Georgi (Z. physlk. Cham. (Bodenst, Fest.), 1931, 
I Volmer KWd.. 1931, 157, 165) ; Isgarisdiev and Raviko- 

vitsch {tbid., igzg, 140, 235) ; O'Sullivan {Trans. Faraday Soc., X930, sd, 533! : 
and Glasstone (/. Cham. Soc., 1926, 2887). * so . i 000; . 
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the limb, and over the open end of the Luggin capillary, retarded the 
ingress of air while permitting the escape of hydrogen. The V-tube made 
contact with a saturated calomel reference electrode via a beaker containing 
a saturated solution of potassium chloride ; and to minimise conteunination 
of the electrolyte with chloride ions, the tube ivaa inserted in the Luggin 
capillary only just before measurements were made. The capillary tip, 
which was ground to an angle of 45° with the slope uppermost so that 
hydrogen bubbles could not enter the capillary and break the cathode/ 
reference-electrode circuit, pressed lightly against the centre of the cathode. 
Throughout the passage of hydrogen, the cathode was immersed in the 
electrolyte ; it had previously been degreased by cathodic polarisation at 
0-05 amp./sq. cm. in a solution containing 50 g. each per litre of NaOH 
and NasCO, . zoHiO, and then lightly etched by anodic polarisation at 
0*2 axnp./sq. cm. in a solution containing 200 ml. of HjSO* (s.g. i- 84) per 
litre. This was followed by a few sec. of cathodic polarisation at the same 
c.d. in another portion of the add. 

Before the Tua-iTi set of measurements w'as made, trial polarisations 
were carried out in succession at io~*, io“*, and io“* amp./sq. cm. in each 
electrolyte ; the polarising currents were checked by measuring the p.d. 
across a standard resistor with a Cambridge valve potentiometer. Measure- 
ments were not recorded until the cathode/reference-electrode e.m.f. 
became constant ; this condition was usually attained after polarisation 
for 5-10 min. The e.m.f. u-as read, to the nearest 0-002 v., on a Cambridge 
Unipivot meter arranged as a potentiometer-voltmeter to supply an equal 
opposing e.m.f. in the grid circuit of a thyratron which had a loudspe^er 
in its anode dreuit as a null-point indicator. Particularly at io“^ amp./sq. 
cm., and at lower c.d. with M./20 nickel sulphate solutions, readings of the 
e.m.f. at the various periods of interruption were taken as rapidly as 
possible to minimise changes in the cathode surface and in the composition 
of the electrolyte. It was noted that, even at the longest period of inter- 
ruption {ca. 10“^ sec.) of the polarising current, the e.m.f. was unaffected 
by the bubbling of hydrt^en through the electrolyte. When a set of 
readings for the decay of &e e.m.f. had been obtained, the current was 
switched off ; and after waiting for a period (usually about 100 sec.) 
which depended upon the polarising c.d. and the duration of the electrol3rsi8. 
the constant, static e.m.f. was ot^rved. The current was then switched 
on again, adjusted to the next higher value, and a further series of measure- 
ments was made. To determine the overvoltage of nickel deposition at a 
givmi instant during its decay, the static cathode /reference-electrode e.m.f. 
was subtracted from the e.m.f. measured at the end of this period of inter- 
ruption of the electrolysis. As a check on the interrupter method, measure- 
ments by the " direct method ’’ were obtaiued bj’’ switching-off the inter- 
rupter and using the thyratron potentiometer alone. 

The interrupter was fundamentaU^’^ the same as the one previously 
used for studying the decay of hydrogen overvoltage,* except that a smaller 
thyratron (GTIC, instead of GT5E) w'as used and very short periods of 
interruption could be obtained by allowing a o-oi, instead of 0-5, fiF 
capacitor ♦ to discharge through the thyratron and the series of resistors. 
It was desired to measure the cathode/reference-electrode e.m.f. 5 x io“* 
sec., at the latest, after the polarising current had been interrupted ; 
because Frumkin * has criticised the extrapolation method used by 
Hickling and Salt * to obtain the value at the instant of current inter- 
ruption on the ground that the polarisation may decay by o- 1-0-2 v. 
during the first 5 x 10-* sec. In the study of hydrogen oveivoltage, 
measurements at periods shorter than that were not made ; for when -^e 
interrupter was tested by means of the cirenit ^own in Fig. i, the tniniTTiTiTn 

* 0*5 pCP. capacitor was nsed for periods greater than 3 x 10-* sec. 

• HUikUng and Treats. Faraday Soc., 194X, 37, 450. 

*Acta Physicodtim.^ I943> 

•foe. cit. 
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e.m.f. of the standard cell and the potential drop across R combined 
exceeded that of the cell when the current was interrupted for less t h a n 
5 X io~* sec. At the shorter periods available wth the present inter- 
rupter, very high residual voltages * were observed ; e.g. when R (Fig. i) 
was a 10 ohm resistor consisting of approximately 18 cm. of 34 s.w.g. 
nichrome wire, insulated, and doubled along 
most of its length, the minimum p.d. gi\'en 
in Table I were observed when a current of 
o-i amp.f was passed through it; the 
standard cell Avas omitted. It is unlikely 
that the residual voltage is due to the in- 
ductance of the 10 ohm resistor ; for this 
is of the order of 10-’ henry only, whereas 
it would need to be about 10-* henry to 
account for the p.d. observed. When a 
capacitor is connected across the resistor. Fig. r. 

however, the residual \oltage is apparently 

considerably lowered ; because in calibratmg ® the interrupter, the points 
for the shortest periods of interruption lie fairly close to a straight- 
line graph of resistance m the interrupter thyratron circuit against period 
of interruption. If the obs6r\’ed periods are corrected on the basis of 

TABLE I. 

Period of interruption 

(sec. X io“*) . r*3 3*2 6*7 15 27 66 140 

P.D. across R (volt) . 0*73 0*435 0*35 0*105 0*055 0*01 o*oo 




Table I, their plot becomes a cur\’e (Fig. 2). This effect of capacitance 
probably accounts for the fact that extrapolations of ij-f graphs for a nickel 
dectrode at 10-^ amp./sq. cm. are within 1-2 centivolts of the direct values. 

(b) Anodic Polarisation. — ^The experimental technique differed from 

that described in (a) in 
« ^ two respects : the chlor- 
ide electrolyte was not 

saturated with hydrogen, 

and the nickel electrode 
was built-up prior to use 

as an anode by deposition 

of nickel at a c.d. of 0*01 
amp./sq, cm. for 24 hr, 
from a solution contain- 
ing NiSO* . 7H,0, 140 ; 
(NKJiSO*. X 2 \ KCl, 8; 
and NH4OH 0*59 g./l. ; 
4w 6000 T = 35°. The 

pjg jj connections to the cell 

’ T. % were, of course, reversed 

(0=oluM,, = olim,xio). so that the Pt spiral in 

. the I cm. tube plugged 

with filter paper became the cathode. It was found that the residual 
polarisation at the anode after the longest period of interruption was 

* were not, apparently, due to delayed response of the indicator 
thyratipn owing to its lo"* sec. breakdown-tiino (Snoddy, Physics, 1933, 4, 366) ; 
for residnal voltages of the same order were recorded with a double triode 
trigger-circuit (Starr, Wireless Eng., 1935, 13, 601). 

t Almost identical p.d. were observed with a current of o*oi amp, and 
R = 100 ohm. 

* See ref.*, p. 453. 
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* Tliesc arc tho same in Tables 111 and IV. 
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unaffected when the dectrolyte was agitated by a vigorous stream of air. 
Even at the highest c.d. used (0*1 amp./sq. cm.), no evolution of gas from 
the anode was noticed. 


Results and Discussion. 

(a) Cathodic Polarisation. — Values of 17 at a series of intervals 
throughout its decay at c.d. of o*i, o-oi, and o*ooi amp./sq. cm. are pre- 
sented in Tables II and III which contain results for the effect of 
buffering agents, temperature, and nickd-ion activity on the rate of decay. 
A table for o*oooi amp./sq. cm. is not given, because in the range studi^ 
(o-o*i sec), the overvolt^e decayed (logarithmically) usually by only o«oi- 
0*05 V. ; direct values of ijo for this c.d. are included in Table IV. In 
Table II the decay series for pH 5-8 (35®) and pH 4-4 (25°) were omitted be- 
cause the c.d. uns uncertain owing to deposition of Ni(OH)j and basic Ni 
salts on the cathode. For most of the results at 0*001 and o*oi amp./sq. 
cm., the course of the deca3'’ can be expressed precisely by the relation 

7 i, = ri^-B log (1 -f K{), 

where the most frequently occurring \^ues of K for o*ooi and o*oi amp./sq. 
cm. are, respectiveh’, o-oi and o*i when t is expressed in units of io“* sec. 
The constants 170 and B were evaluated by determining the regression line 
for each set of results. If the equation for the line is written y = c + mx, 
then 

X = log tn = —B = . x) - Eiit . ZxjN} {Zx*~[Sx)*IN), 

and c = 1J0 = [Zijf — niZx)JN ; N is the number (e.g. 10) of ijtjx pairs 
used in the calculation. Analysis of variance showed that the regression 
function was highly significant; e.g. with the pn 5*5 solution at o*oi 
amp./sq. cm. to which the function 17, = 0*327 — 0*104 log + O'lO 
applies, jF ♦ is 144, whereas the i % pomt of F is 10 (for N — 12). The 
difference between calculated and observed values of ijf was seldom 0*01 v. , 
and was usually only 0*001 — 0*003 v. The calculated values of hq and B 
for O'ooi and o-oi amp./sq. cm, are listed in Table IV. (Where no indica- 
tion is given A’ is o*oi for o*ooi amp./sq. cm. and 0*1 for 0*01 amp./sq. cm.). 
Owing to the variation in K, the v^ues for B cannot be used directly to 
compare the rates of decay in the different electrolytes; therefore the 
differential coefficients of the various functions have been obtained, and 
the values (in v./sec.) of — dij/d/ after the overvoltage has decayed for 
lo-* sec. are given. For the electrolytes of pH 2*1, 2*3, and 3-1 at 0*001 
amp./sq. cm. values of ijo only are given; because the T7*/log (i 4-o*oi){) 
graphs consisted of two approximately parallel portions connected by a 
short line of steeper slope. A similar, though less marked, tendency was 
apparent -with these electrolytes at 0*01 amp./sq. cm. With the electro- 
lytes of pH 4*4 and 6*8 (25®), and 6*5 (M./20) at 0*01 amp./sq. cm., and pH 5*6, 
7*0 and 7*6 at o*ooi amp,/sq*cm„ tie decay graphs tended to become 
horizontal after i — 2 x io-» sec. The graph for the pH 5-7 (M./20 NiSOJ 
solution at o*oi amp./sq. cm. (Fig. 3) was unique in resmnbling a typical 
graph for 0*1 amp./sq. cm. by having a well-defined constant voltage 
portion preceding the logarithmic decay. 

At 0*1 amp./sq. cm. file decay in aU electrolytes was characterised by 
an extremely rapid fall during the first 2 x lo-* sec., followed by a halt 
in which the overvoltage remained practically constant for periods, depend- 
ing on the electrol3>te, of 3 — 300 x 10-* sec. The approximate periods, 
in units of 10-* sec., at which the halts cease are given under tz in Table Iv’ 
and the values of 1) during the halt are headed 17^. The subsequent decay* 

when the halt was sufficiently short to enable y, to be measured at six or 
seven points on it, was found to gi\’e an accurate linear plot of against log 

* Goulden, Methods of StaHstical Analysis, p. 269, 
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{r -r 0 * the slopes of these lines axe given under B (o-i amp./sq. cm.) in 
Table IV. With the pH 2-5 (M./20) and 2-i electroljr^ the ‘ halt ' was a 
slow (logarithmic) decay. It will be seen from Fig. 3 that, over part of the 
decay, ^e over\*oltage at 0‘i amp./sq. cm. for the pH 5-7 (M./20) electrolyte 

TABLE 


pB. 

Direct 

Vahift. 

u./sNiSOi 


Period of Decay (i.cc. x lo-*). o-ooi anip./&q. cm. 

0-603 

6-05 

12-6 

32*6 

67*4 

83-6 

xai 

394 

366 

3*Z 

0-27 

0-37 


H 

0*^35 

m 

0*335 

■ II 

0-17 

0*16 

a-3 

o-46s 

0-263 



0*255 


0*225 

ET9 

K f 9 

0*185 

3-1 

0*36 

0-36 


mmm 

0*253 


0*333 

B j 3 

K £3 

o*i 6 

4-4 

0*32 

0-23 


0-213 

0*205 


0*183 

ETjI 

0*13 

0*143 

5-3 

0 -S 3 

0-35 


0*345 

0*235 

0-225 

0*21 

E 

0-17 

0*16 

b'2 

0 -Z 9 

O’zg 


— 

0*183 

0*173 

— 

0*165 

0*143 

0*14 

6-7 

o*iO 

o-i 6 


0*153 

0*15 

0-14 

— 

0*133 

0-13 

0-lX 

7-a 

0-13 

o-r3 

0-13 

0*143 

0*14 

— 

0*133 

0*125 

0*13 

0*113 

7*9 

0 -X 4 

o-it 

0-14 

— 

0*135 

— 

0*13 

0*133 

0*113 

0*11 

8-9 

0-135 

o-r35 

0-133 

— 

0*13 

0-145 

— 

0*14 

0-13 

0*133 

5-6 

0-33 

0-23 

0-J45 

0*233 

0-21 

0-29 

0*173 

0*163 

0*133 

0 ‘Z 2 

3-9 

0-303 

0-30S 

0*30 

— 

0*193 

0*183 

— 

0*173 

0*153 

0*15 

6-3 

o-x 8 

o-i 8 

0-18 

0*18 

0*17 

o*i 6 

— 

0*133 

0*145 

0*133 

7’0 

0*30 

0*20 

0*193 

0*183 

0*17 

0*14 

0*133 

0*133 

0*10 

0*083 

7*6 

0-19 

0-19 

0*185 

0 18 

o*i 7 

0*155 

0*14 

0*13 

0*11 

0*10 

5-8* 

0-183 

0-183 

o-rSs 

0-18 

0-17 

0*133 


0-14 

o*xs 

o-zz 


4*4t 

0*34 

0-34 

0-337 

0-233 

o*aa 

0-31 

... 

0-303 

0*173 

0*173 

3*<> 

0-365 

0-36 

0*26 

— 

0*355 

0*24 

0*335 

0-23 

0 -SI 5 

0-305 

6*8 

0*205 

0-303 

0*303 


o-ao 

0-19 

0*183 

0-173 

0-165 

0-16 


B 

0-33 

0-217 

0-312 

0-31 

■ 

0-30 

0-195 

o-ig 

0*173 

0*17 


3-5 

0*303 

0-303 

0*30 

0*395 

0*265 

0-243 

0-34 

0-33 

0-19 

0-175 

3*7 

0*395 

0-383 

0-28 

— 

0-373 

0-35 

— 

0*335 

0-33 

0-19 

6-5 

0*38 

0-373 

0-37 

0*363 

0-26 

0*355 

0*33 

0*345 

0-333 

0*33 

8-8 

0*235 

0-235 



0-23 

0 - 3 x 5 

0-31 

0-803 

0*19 

0-175 


* Buffenng agnitg : iL/joo + ^^•15 

f Bufieiing agents : 31./3 KaOAc + h./6 HOAc. 


falls below that for O'Oi amp./sq. cm. ; this was unique in the cathodic 
polarisation. 

Effect of Current Density. — ^In the electrol3rtea for which values of 
6 axe given in Table IV, the o\'ervoltage varied with c.d. between io-‘ 
and io-‘ amp./sq. cm. according to the equation ij — a + b log J. With 
the others, upward curvature of the ^ I graph set in between io“* 

and io~* amp./sq. cm. AH the graphs curved upwards between io~* and 
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io“i amp./sq. cm. when the ijj values at io~^ amp./sq. cm. were those 
obtained by the direct method or by extrapolation of the ij — t graphs. 
This might be expected owing to concentration polarisation, since the 
limiting c.d. for Ni++ discharge (neglecting h, evolution) is i'6 x io“* 


HI. 


Catbodio Ovenoltage (volt). 


Period of Decav (so*’. X 10-*). o-oi amp./sq. cm. 


Direct 

Valae. 

0-635 



3-28 

4-91 

6-33 

13-7 

35-1 

73-0 

131 

312 

386 

o-sSj 

0-373 

0-37 


0-36 


0-333 

0-34 

0>39 

0-26 

0*34 

0-31 

0-195 

0-38 

0-373 

— 


— 

0-363 

0-34 

0'3i 

0-27 

0-26 

0-22 

0-183 

0*17 

0-31 

0-303 

— 


— 

0-293 

0-28 

0-26 

0-223 

0*30 

0-17 

0-14 

0-125 

0-30 

0-30 

0-293 

mm 

0-29 

0-273 

0-27 

0-253 

0*33 

0-203 

0-18 

0-133 

0-13 

0-325 

0-323 

— 

Q-32 

0313 

0-31 

0-305 

0-39 

0-253 

0*33 

0-31 

0-173 

0-16 

0-20 

0-29 

— 

0 2il3 

0-28 

— 

0-273 

0-265 

0*235 

0*33 

0-2 Z 

0-183 

0-18 

o-a»>s 

0-205 

— 


0-26 

0-233 

0-25 

0-233 

0-223 

0*193 

0*183 

0-163 

0-15 

0-26 

0-26 

— 


0-233 

— 

0-23 

0-24 

0*335 

0*31 

0-19 

0-163 

o-i6 

0-24 

0-24 

— 


— 

— 

0-233 

0-23 

0*335 

0*31 

0*19 

0-18 

0-165 

0-26 

0-26 

— 

^^9 

— 

— 

0-233 

0-35 

0-245 

0-235 

0-223 

0*305 

0-193 

0’345 

0-343 

0-34 


0-313 

0-30 

0*39 

0-27 

0-235 

0-31 

0*163 

0-133 

0-12 

0-325 

0-32 

— 


0-303 

0*30 

0-293 

o-aS 

0-255 

0-235 

0-225 

0*19 

0-183 

0-30 

0-30 

— 

991 

0-295 

0*39 

0-285 

0-275 

0-235 

0-245 

0*23 

0-19 

0-1/3 

0-293 

0-293 

0-29 

0-283 

0-273 

— 

0*263 

0-34 

0*31 

0-17 

0-135 

0-II3 

0-083 

0-273 

0-275 

— 

— 

— 

0-27 

0-263 

0-235 

0-223 

0*205 

0-175 

0-145 

0-14 

0-27 

0-27 

— 


0 26 

o«333 

0-2 13 

0 225 

0-19 

0*17 

0-13 

0-13 

0-105 

r = a3‘ 

• 












0-333 

0-335 

0-33 


0-33 

0-313 

m 

0-29 

0-265 

0-245 

0-235 

0-203 

0-20 

0-37 

0-305 

— 

0-36 

0-333 

— 


0-333 

0-305 

0-28 

0-263 

0-235 

0*235 

0-32 

0-32 

0-313 



0-303 

^^9 

o*a8 

0-25 

0*33 

0*21 

0-30 

0*183 


0-313 

0-313 

0-31 

■ 

Hum 

■ 

1 

0-30 

0*39 

0-28 

0-23 

0-23 

0-22 

1 

0-193 

H./30 MSO4. 

0-713 



H 

0-71 

H 

WM 

0-68 

0-643 

0-59 

0-323 

0-393 

0-36 

0-61 

— 

— 





0-36 

0-46 

0-41 

0-37 

0-26 

0*26 

0-54 

0-53 

— 



0-32 


0-48 

0-443 

0-393 

0-36 

0-31 

0-30 

0-54 



■ 

■ 

■1 


0-32 

0-49 

0*46 

0*42 

0-313 

o-aS 


amp./sq. cm. in M./2 NiSO^ calculated from the ej^ression 


knFc 

d{i - <„i++)' 

if the following values for the terms are assumed : k »= io~* g. ion/sq. cm./ 
sec., n = 2, F = lo®, c = 0*0005 g. ion/cc., d == 0*05 cm., and = 
o*37.t If, on the other hand, the \'alues (17^^, Table IV) of 17 imme^ately 


* A^pax and Bowden, Proc. Roy. Soc. A, 1938, 169, 206. 
t Zitek and McDonald, Trans. Electrockam. Soe., 1946, 89, 279. 
























































2*3 and 6*7, for which qjp was respectively o*oi and o-o6 v. too low. 
As the c.d. is raised the rate of decay at the shorter periods is increased. 

and to maintain the fit of 



Fig. 4. 


A: pH 5-5 

B; PH 4-4 (30*^. 


C: pH 6-5 (30^. 
D: pH 3*5 ( 40 “^. 


the log (1 4- fonction. 
K must be made larger — 
usually in direct proportion 
to the c.d. 

Effect of Temperature. 
— According to the c.d., 
an increase of temperature 
may raise or lower the over- 
voltage in a given electro- 
lyte. In the same electro- 
lyte dtijiT may be positive 
or negative, depending 
upon the temperature. At 
a given c.d. and tem- 
perature dij/dr may be 
positive in one electrol3rte 
and negative in another. 
AU these possibilities are 
illustrated in Fig. 4. where 
it will be seen that dij/dT 
is an approximately linear 
fimction of log I. At a 
c.d. of about 3 x lo-* 
amp./sq. cm., dij/dr has a 
value of — 0*0024 v./"c. 
which is apparently in- 
dependent of the electro- 


lyte and temperature. 

The temperature coefficient cj *= (B, — — TJ of the of 

the decay graphs for lo”*, and iO“* amp./sq. cm. is also an approxi- 
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mately ^i'nwn.r function, of log I with the electrol3rtes on which the effect of 
temperature was studied. In calculating cb for io“* amp./sq. cm., the 
following values of B, which are not given in Table IV, were used : 4*4 

(35°) = o-ioi, (25®) = 0-079 ; pB. 5-5 (25°) = 0-083, (35“) = 0-135, ( 45 °) 
= 0-093 : 6*5 (*5°) = 0‘035* bs") = 0*037 • function used was iji = 119 

— B log (i + o-ooi^ throughout. 


TABLE IV- 


pa 

O-OOOI. 

«mp./ 

iq.cm. 

o-ooi amp./sq. cm. 

o‘oi amp./sq. cm. 

o-i Bmp./aq. cm. 

Static 

Catb. 

Potl. 

(-VC). 



Vf 


B . 

dq/df. 

q«. 

B . 

K . 

d]}/di. 

B. 

’JT* 

'l- 


b . 

3-1 

■ 

0-29 



0-3S0 

0-096 

0*2 

70 



— 

_ 

0*21 

— 

2-3 

0-133 

0-363 

— 

— 

0-381 

0*108 

0*2 

78-4 

— 

0-38 

140 

o-i8 

0*112 

3-1 

0-1 6 

0-26 

— 

— 

0-311 

0-093 

0*2 

6g 

o-oSs 

0-293 

100 

0-33 

— 

, 4-4 

0'Z4 

0*221 

0*120 

315 

0-303 

0-084 

0*2 

6z 

0-083 

0*33 

2-3 

0-393 

o*o8i 

^ 5 -S 

0-195 

0*231 

0-136 

3-83 

0-327 

0*304 

— 

41-1 

0-059 

0*40 

s-s 

0*30 

O-CiS 

6*a 

0*10 

0*192 

0-079 

3-4 

0-491 

0-073 

— 

30 

0-105 

0-37 

30 

0*32 

OHJ93 

6V 

0-06 

o-x6o 

0-071 

3 -t 

0-367 

0-071 

— 

38 

— 

0*30 

316 

0-37 

0-103 

7-3 

o-oy 

0*130 

0-036 

3-4 

0-263 

0-063 

— 

33 

0-033 

0-34 

30 

0-39 

0-094 

7-9 

0-06 

0*141 

0-043 

1-9 

0-341 

0-031 

0-03 

II 

0-038 

0-345 

20 

0*41 

0-094 

8*9 

0-085 

0-136 

0-043 

1-9 

0-361 

0*044 

0-03 

9-1 

0-030 

0*42 

3*3 

0-433 

— 

3-6 


0-331 

0 -i 62 * 

13-8 

0-359 

0-103 

0-3 

149 

0-103 

0-44 

3-3 

0-39 

— 

S -9 

0-083 

0-303 

0-083 

3-7 

0-334 

0-076 

0*3 

SS 

0*090 

0-44 

3-3 

0-295 

0-130 

6-5 

0-07 

o-i8i 

0-070 

3-0 

0-303 

0-067 

— 

37 

0-097 

0-445 

13 

0-39 

O-I IS 

7-0 

0-13 

0-301 

0-130* 

13-7 

0-300 

o-ioS 

0-2 

7 S -4 

0*092 

0-40 

4 

0-33 

— 

7-6 

0-135 

0-191 

0-179 

7*70 

0-278 

0-115 

0-05 

24 

0-030 

0-385 

3'3 

0-37 

— 

j-8 

0-103 

0-186 

0-iig 

3-13 

0-374 

0*107 


42-3 




0*30 

0*083 


4-4 

0*13 

0*440 

0*113 

4*86 

0-338 

0-081 

0*2 

39 

— 





0-29 

0 -IZ 

5-6 

0*15 1 

O'lGi 

0-0S3 

3-7 

0-367 

0*090 

— 

36 

0-083 

0-48 

4-6 

0-30 

o-to8 

6-8 

0-12 1 

o*:o6 

0*072 

3-1 

0'32I 

0*100 


39*5 

0-093 

0-46 

3*3 

0-335 



0-09 

0-413 

0-069 

3-0 

0-316 

0-073 


39 

0-093 

0*42 

3-0 

0.26 


u./jo KiSOi. 


3-3 

o-i8 

0-303 

0 - 144 * 

12-2 

0-713 

0-315 

0*01 

22-2 


_ 

_ 

0*23 


3*7 

0-313 

0-383 

0-133 

3-67 

0’6l 

0-206 

1*0 

— 

— 

0-36 

X4O 

o-ag 

— 

6-3 

o-r6 

0-374 

0-038* 

3-0 

0-329 

0-197 

0-03 

40-8 

0-29 

0-61 

So 

0*31 

— 

8-8 

o-iS 

0-336 

o-ioot 

3-16 

0-340 

0-392 

0*01 

16-0 

0-38 

0-34 

So 

0-41 

— 


•A - 0 - 04 . iK - o - oos , 


For the pB 4-4 and 5-3 solutions the slope b of the — log J graphs is 
less at 35® tiian at 25", but the decrease is not proportional to the abwlute 
temperature. At 45® the slope for pB 5-5 has increased again to its value 
at 25®. 

Effect Nickel-Ion Activity < — ^In all the M./20 NiSO^ electrolytes, 
concentration polarisation, as shown by the upward curvature of the 
ij — log I graphs, sets in just above 10-* amp./sq. cm. and this prevents 
direct oompaGQon of the values of y at any higl^ c.d. for M./2 and M./2Q 
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solutions. Furthermore, bufiering agents do not give an electrol5rte of the 
same with M./20 as they do witib. M./2 NiSO*. Comparison of results at 
lo-* amp./sq. cm., however, between electrolytes having nearly the same 
bufiering agents (pH 2-5, 2*1 ; 57, 5-6 ; 6-5, 5-6 ; 8-8, 7-0) suggests that 
the overvoltage is about 0*03 v. higher in the m,/2o solutions. 0\ving, pre- 
sumably, to reduction of by complex formation, the static cathode 
potential (Table IV) in the M./2 NiS04 electrolytes at 33“ becomes, particu- 
larly with acetate buffers, more negative above pH 6'5 ; for most electro- 
lyte between pH 4*4 and 6*5 it is 0-30 i O'Oi v.* It may be mentioned 
that the addition of the appropriate static cathode potential (volts, H, 
scale) enables the tj values at all c.d. to be converted to cathode potentials ; 
e.g., the overvoltage of o-i6 v. at o-ooi amp./sq. cm. (pn 67) corresponds to 
a cathode potenti^ of — o-i6 — 0-37 = — 0*53 v. (H, scale). 

Effect of pH and Buffering Agents. — ^At 10-^, io“*, and io~* 
amp./sq. cm. the ij — pH graphs for M./2 NiSO* electrol3rtes buffered with 
NH4OAC at 33“ have minima at approximately the following pn values : 
7*0, 7*8, 7*9. With (NH4)8S04 buffers, the graphs for 10-* and lo-* 
amp./sq. cm. only have mmima ; they axe at pn 6-3 and 6-5. Above pH 
6-3 the overvoltage at 10-* amp./sq. cm. in the NH4OAC buffer becomes 
less (eventually by about 0*05 v.) than that m the (NH4),S04 buffer at 



equal pH ; the cathode potentials are approximately equal. At io-» 
amp./sq. cm., — i/dij/d< for the M./2 NiS04 electrol3rtes (35°) buffered with 
NH4OAC rises liuearly (Fig. 5) with pH rmtil this is 7*9, and then becomes 
constant. There is apparently no simple relationship between dij/di and 
pH for the (NH4 )jS 04 buffer at io~* amp./sq. cm., or for either buffer at 
io-» amp. /sq. cm. At equal pH. — dijfdt for the n./z NiS04 solutions buffered 
with (NH4) jS04 is usually greater than it is for those buffered with NH4OAC. 

A very marked influence of pH and buffering agents is apparent in the 
behaviour of the decay of cathodic polarisation at lo-i amp./sq. cm. The 
electrolytes of pn 67 and 6-5 buffered, respectivelj', with NH4OAC and 
(NH4)aS04, have by far the longest duration, of halt in their groups. 
It is possibly signi fi ca n t that the buffer capacity of these electrolytes is at, 
or near, the maximum in each group, so making them the most effective in 
preventing a rise in pH at the cathode. The formation of Ni (OH) j as a col- 
loid, or as a &aa precipitate, will occur only in a thiu , compact layer on the 
cathode surface, in contrast to a more diffuse layer such as would be pro- 
duced in a poor buffer by a region gradually decreasing in pH (outwards) for 
a greater distance. This deuse layer of Ni(0H)3 may hinder diffusion and 
thus d^y the decay of concentratioii polarisation. An alternative ex- 
planation of the halt is that a Ni/NiO, mH |0 electrode is formed, a 




Bn&ring Agents. k./ 3 NlGs— Anodic overvoltage (volt). 


F. W. SALT 


V 
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constant potential is maintained until the NiO is removed by dissolution. 
Thus from Fig. 5 it will be seen that, over part of the range, the cathode 
potanHal during the halt is a linear function of ;^OH ; but ihe slope (0-074) 
is greater than the theoretical value of o-o6 v. A further property of ^e 
halt is that — ‘i7r is a Tnn.-giTrmm at pB. 6-7 for the NH^OAc, and at 
pB. 6-5 for the (NH^jSO* buffers. 

(b) Anodic Polarisation. — Values of ij+ at intervals throughout its 
decay at lo-^, lo-*, 10-*, and 10-* amp./sq. cm. in M./2 NiQ, and in M./2 
NiQ, + m/ 6 NH4Q + M./6 NH4OH are given in Table V. As with the 
cathodic polarisation, the course of the decay was defined by the rdation 
ijf = ijo — B log (i + if/). A value for B at lo-^ amp./sq. cm. in the 
Pb 5*5 electrolyte is not ^ven in Table VI, because the logarithmic portion 
consisted of two straight lines of different slopes. As will be seen from 
Fig. 3, the decay graphs for the pH 6-4 electrolyte are, throughout, in reverse 
order vertically to that which would be anticipated from their c.d. In the 
plain M./2 NiCl| solution the io~^ amp./sq. cm. graph lies below those for 
io~* and io“* amp./sq. cm., but the two latter are in normal order. Both 
the 10-1 amp. decay graphs have halts lasting 3-5 x 10-* sec. It is possible 
that the Ni anode becomes semi-passive at c.d., and an NitOs, or 
NiOt, layer is formed which preserves a constant potential until it is dis- 
solved by the electrolyte. If the rapid initial decay at lO"^ amp./sq. cm. 

TABLE \T. 


pH. 

0-001 amp./sq. cm. 

o-oi amp./sq. cm. 

0-1 Bmp./sq. 

cm. 

Static 

.\no(le 

7o- 

B. 

K. 

d7j[di. 

Vo- 

B. 

K. 

drj/dt. 

D. 

m 

'l- 

PoU. 

{+ ve.). 

S-3 

0*339 

0-IS7 

0*03 

13-3 

0-386 

0-109 

0*5 

138 

— 

0*17 

3-3 

0-00 

6-4 

0 - 25 <l 

0*171 

— 

7-3<S 

0*346 , 

0*113 

0*3 

8r-3 

S 

9 

0 

0-133 

5-5 

0*04 


is included, 40 ^’4 electrolyte is almost independent of c.d ; 

but if it is omitted, 4+ is 0-115 lower at lo-^ than at 10-* amp./sq. cm. 
The 17 — log I graph for pH 5-5 is linear up to lo-® amp./sq. cm. and has 
a slope of 0*045. The very high —dj//di \^ue3 for this electrolyte are 
approximately equal to the highest ob^rved in the cathodic polarisation, 
viz. at pH 5-6 (M./2 XiS04, 35 °)" V’ith the pH 6*4 solution dij/d/is about 
three times that for the cathodic polarisation at the same c.d. 

The author wishes to thank Dr. G. £. Gardam for his continued interest 
in this work, which was carried out in the Metallurgical Branch of the 
Armaments Research Department, Ministry of Supply. 

Acknowledgement is due to the Chief Scieuti^ Ministry of Supply, 
for permission to publish. 


Summary. 

I. At io“*, io~*, and lo-* amp./sq. cm. the course of the decay of 
cathodic and anodic polarisation at a nickel electrode in dectrolytes of 
widely varying ps and composition is defined by the r^dation 7 ^ — tj,, — B 
Ix^ (1 + Ki). At ro~>- amp./sq. cm. the decay is characterised by an 
extr^ciy rapid fell during the first 2 x ro~* sec., followed by a halt 
lasting for 3 — . 300 x io“* sec., depending upon the electrolyte. The 
decay then becomes logarithmic and the abo^ relation applies. With 
anodic overvoltage the graph for amp./sq. cm - lies below those for 
io-» and lo”* amp./sq. cm. 
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2. For many electrolytes the cathodic overvoltage varies with c.d. 
from 10"* to io~* and possibly to lo"* amp./sq. cm. according to the 
equation 17 = a + 6 log I, where h ranges from o-o6 to 0-12. In a 6-4 
diectrol3rte the anodic overvoltage is a^ost independent of c.d, 

3. For the cathodic overvoltage, dij/dT and the temperature coefficient 
of B are approximatdy linear functions of log I. They also vary with 
temperature and the electrolyte. 

4. The cathodic o\’ervoltage for M./2 NiSO* solutions (35°) is a m i nim um 
at certain values of pR which depend on the buffering agents and the c.d. 
Above pR 6*3 the overvoltage at io~* amp./sq. cm. is less in the NH^OAc 

I 


than in the (NH4)4S04 solutions. At I0“® amp./sq. cm,, — 


djj/df 


for 


NH4OAC solutions increases directly with pR from 5 *5-7*9. The duration 
of the halt in the decay of cathodic overvoltage is a maximum in NH4OAC 
solutions at pR 6*7 and in (NH4)jS0* solutions at pR 6*5. The cathode 
potential during the halt is a linear function of pR from 2-5*5 from 
6 * 7 - 9 . 


R6sum6. 


A io“‘, io“® et io“® amp./cm.*. Ip survoltage, dans le ddp6t ou la 
dissolution du nickel, ddcroit avec la temperature, d'apres la relation 
suivante : = ijo — B log (1 -f iff). A io~^ amp./cm.*, la diminution 

est extrSmement rapide pendant les premiers 2 x ro“* sec., puis s'arrftte 
pendant 3 k 390 x lo"* sec. selon reiectrol3d:e. La durde de cet arrdt 
est maximum dans des solutions de NiSO* M./2, tamponnees k pR 6*5 et 
6*7 respectivcment avec (NH4),S04 et NH4OAC. L’dquation de Tafel 
est suivie par de nombreux Electrolytes. Pour le sun'oltage cathodique, 
dij/dr et le coefficient de tempErature de B varient avec la densitE de courant, 
la tempErature et I'Electrolyte. Les courbes du survoltage cathodique 
en fonctiou du pR montrent des minima, A io“* amp./cm.*, pour des 

solutions de NiS04 m,/ 2, tamponnEes avec NHjOAc, ^ ■ crolt directe- 


ment avec le pR de 5*5 k 7*9. 


Zusammenfassung. 

Bei Stromdichten von 10-*, io~* imd 10-® A/cm.* nimmt die t)ber- 
spaimung der Nickelabscheidung und -auffdsung der Relation 
I?* “ 170 - 5 log (i + hi) 

gemkss ab. Bei io“^ A/cm.* ist die Abnalime wahrend der ersten 2 x lo"* 
Sekunden kusserst ra^, worauf eine Arrestperiode von 3-300 x 10"* 
Sekunden folgt. Die Dauer des Arrests (mit M./2 NiS04-ldsungen) hat ein 
Maximum, bei pR 6*5 mit (NH4)3S04 und bei 6*7 mit NH4OAC als Puffer. 
In vielen Elektrolyten wird Tafel’s Gleichung befolgt. Bei der kathod- 
ischen tJberspannuug hangen dij/dT xmd dB/dT von der Stromdichte, 
der Temperatur und dem Elekfrolyt ab. Die Kathodeniiberspannnngs 
— Pr — Kurven besitzen Minima. Bei io~* A/cm.* ftir M./2 NiSO*- 

Ifisungen mit NH4OA0 — ^Puffer zwischen pR 5*5 rmd 7*9 wSchst — 

wijoi 

dicekt mit dem ^^H-Wert an. 

BJ,S.R.A . Laboratories, 

Shetty Hall, 

Swansea. 



POLARISATION IN THE ELECTRO DEPOSITION 

OF METALS. 


By G. E. Gardam. 

Received nth December, 1946. 

The cathodic polarisation of a metal deposition process, i.e., the difier- 
enoe between the potential of the growing cathode and its equilibrium 
potential in the same solution, is caused by one or more of the processes 
necessary to bring the hjrdrated and possibly complex metal ion to the 
cathode, add an ^ectron to it and build the resulting atom into one of the 
grains comprising the cathode deposit. The extent to which each of these 
may affect polarisation is discus^ below using published and some new 
data. 

1. Supply of Ions to the Cathode. 

A. Concentration of Polarisation. — ^Although ions removed by dis- 
charge are replenished by electrol3;tic migration, movement of solution 
and diffusion, as a first approximation, the latter only is important. The 
polarisation resulting from the consequent concentration difference may 
be calculated. 

The quantity of deposit per day per sq. cm. at a current density d 
amp. per sq. cm. is 

-r— — X 24 X 60 X 60 = o*895d equivalents. 

96,500 ^ 

This is brought to the cathode across a diffusion layer I cm. thick, the 
concentration adjacent to the cathode being C, and in the bulk of the 
solution C equivalents respectively. Then 

o-895<*-7(C-C0. 

where D is the coefficient of diffurion of the ion, i.e., the g. equivalent 
diffusing across i sq. cm. per day per unit of concentration. D and I 
are constant in any one case whence 

<i = MC-CJ,orC.= C-i . . . (I) 

The resulting potential difference of the cathode from its equilibrium value 
is therefore 



and the cathode potential 

= ' + . . . W 

B. Decomposition of Complex or Hydrated Ions. — ^The speed of dis- 
sociation of complex or hydrated ions may be a cause of polarisation. 
For example in silver deposition from potassium silver cyanide solution 
the speed of the reaction AgCN . CN~ ^ Ag+ 2CN- may be a controlling 
factor. Under static conffitions the reaction proceeds equally swiftly in 
each direction, i.e., 

ftifAgCN- . CN-J = A'[Ag+][CN-]* = ACAgH-], 

1 Glasstone, Trans. Amor. Elactroekem. Soc., 1931, 59, 277. 

* Pugh. /. Cham. Soc., 1937, 1824. 
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since ^vlth. excess of potassium cyanide present, the cyanide ion concen- 
tration is constant. 

During electrol3^is at current density i and Faraday equivalent F, 
silver ions will be removed by dep(»ition at rate d\F and will accordingly 
fall in concentration to {[Ag+] — x}. The rate of production will be the 
same as the rate of deposition, i.e., 

i == Ai[AgCN . CN-] - ft{[Ag+] - X) 

= ^[Ag-^] — ft{[Ag-] — X) 

= kx. 


The cathode potential will become as a result 


e, = e -{■ 
= + 
= -f 


0-058 

0-058 

n 

0-058 

n 


logio 

{[Ag+] - X} 

[Ag-^] 

logio 


(" [Ag+]) 

logio 

/ d 

V k[Ag+l 


(3) 


G. Passage of Ions through Films and other Obstructions. — ^The 
diffusion or migration of ions toward the cathode may be hindered by ob- 
structions such as (1) porous, semipermeable or impermeable films, (ii) con- 
gregation of undisclmrgeable cations, (iii) chemical conditioixs which remove 
a proportion of the dischargeable cation before it reaches the cathode. 
Colloidal substances will slowly diffuse and may migrate towards the 
cathode and there cause obstruction and hinder ionic movement. The 
precipitation in the cathode film of compounds, especially of a basic or 
hydroxide nature, may involve a more or less transitory coUoidal phase 
with similar results. Such a case is well established for nickel deposition *» *® 
it is probable for all iron group metals, for chromium, manganese and 
similair easily hydrolysed metals. 

Where an ^ectrolyte contains several species of cations, in general 
only the most electropositive is discharged. The others will, however, 
migrate toward the cathode and may form an obstruction until removed 
by association. The addition of acid or of alkali metal salts is frequently 
used in technical electrolysis to increase conductivity but also to increase 
polarisation. A typical case is the addition of large quantities of sodium 
sulphate to a nickd depositing solution, Macnaughtan and Hothersall ’ 
found this to increase i^e polarisation greatly. Simultaneous discharge 
of metal and hydrogen ions, as in nickel deposition, may reduce the acidity 
in the diffusion la3rer with consequent precipitation of basic compounds 
and reduction of ibe effective ionic concentration. There is considerable 
reason to suppose * that nickel is never deposited except from a solution 
almost denuded of nickel ions in this way. It seems possible that the high 
polarisation of nickel deposition and of other iron-group metals arises in 
this way. 


2. Discharge of Ions on the Cathode. 

A. Lateral Movement of Ions. — ^Where the cathode is a liquid metal, the 
metallic atom can be accommodated wherever ionic discharge occurs ; but 
on a solid metal either the ion is discharged where it approa^fiies, and then 
a^vaits incorporation in the lattice, or it must move with a lateral com- 
ponent toAva^, and be discharged at, a convenient point in the growing 
lattice. The lateral movement of an ion through the solution would re- 
quire an extra force (polarisation) which would be, as a first approximation, 

’ Macnaughtan and Hotheisall, Trans. Faraday Soc., 1928, 24, 387. 

* hlacnau^tan, Gardam and Hammond, ibid., 1933, 29, 729. 
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directly proportional to the current density. Erdey Gruz and Volmer * 
observed that growth proceeds only on certain constantly progressing 
active fronts and that tiie current-polarisation curves were linear, at low 
current densities. Hoekstra* maintained the number of active points 
large and constant by continuous scraping of the cathode. He also ob- 
tained linear curves, less steep than when scraping was not used. Thon ’ 
indeed believes that physical union of the ion and electron is not necessary 
but discharge occurs where the electron lattice field is strongest, i.e., at 
the edge of an uncompleted atom la3rer. It is concluded that on solid 
metals a lateral movement of ions is necessary for discharge, the necessary 
driving force appearing as a polarisation. 

B. Hindrance to the Bdscl^ge (tf Ions. — Contact of the free ion may 
not be sufiELdent for immediate discharge. An assumption of this nature 
has been fruitful in explaining the theory of hydrogen overvoltage. It has 
been reviewed by Glasstone and discussed by Bowden,® Baars,® Brandes.“ 
Volmer and Gurney 

Volmer considers that hindrance to discharge of ions is an important 
factor in the deposition of the iron metals, but is more reserved about 
other metals. *1110 prevalence of the logarithmic type of polarisation curve 
and its similarity to the hydrogen discharge curve may lend support to 
this view but is probably not justified. 


3. Disposal of Discharged Ions. 

A. Placing of Atoms in an Existing Lattice. — Examination of the 
microstructure of many electrodeposits reveals well defined indiddual 
grains, each presumably of a continuous lattice. Indeed, as shown by 
Hothersall i® this lattice may extend that of the basis metal (this is visible 
in Fig. 7 and 8). By X-ray or dectron difiraction, other, finer grained, 
deposits may be prov^ crystalline. Unless there is obstruction to growth 
of pre-existing crystals, o^y slight, if any, supersaturation of atoms will 
be necessary to proceed with an incomplete layer ; a higher snpersaturation 
will be necessary to start a new lay^ and a much high^ supersaturation to 
start a new lattice or grain. A mathematical consideration has led to 
relationship for the thi^ cases of the form 

j ^ I 

e « a, e K . — e oc — — 3. 

log a ylogd 

Erdey Gruz has obtained polarisation curves corresponding with the first 
and second of these expressions and he, with Volmer also found that a 
cathode of carbon required a very high polarisation to commence mercury 
or bismuth deposition owing to the necessity of forming nuclei but that 
this rapidly fell once deposition started. Thus formation of new grains is 
unlikely to occur unless obstruction prevents continuation of the existing 
lattices. 

• Erdey Gruz and Volmer, Z. physic. Chem., 1931, 157, 165. 

• Hoe^tra, Rec. Trav. Chim., 1931, 50, 339. 

* Thon, L‘ Electrolyse et la PolarisattOH Ehctrolytique (Hermann, Paris, 1934). 

* Bowden and Rideal, Proc. Roy. Soc. A., 1928, lao, 39. 

■ Bears, Sits. Ges. Beford Naturw. Marburg, 1928, 63, 213. 

u Bran^, Z. pj^sik. Chetn. A., 1929, 143, 97. 

u Vdlmer, Z. physik. Ch0tn., 1930, 150, 303. 

“Qnmey, Proc. Roy. Soc. A., 1931, 134, 137. 

^ Glasstone, The Electrochemistry of Solutions (2nd edn., Methuen, London, 
1937 )* 

1* Voliner, Physik. Z., 1933, 4, 346, 

“ Hotherkdl. Trans. Faraday Soc., 1935. 31, 1242. 

Erdey Gruz and Volmer, Z. physik. Chem., 1931, 157, 165. 

Ibid., p. 182. 
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B. Obstruction of Crystal Growth by Absorbed or Go>depo8ited Non- 
metallic Matter. — ^The production of smooth, compact and fine-grained 
metallic deposits is essential in technical electrodeposition ; this is fre- 
quently achieved by the presence of small quantities of “ addition agents 
These are diverse in character, but many are colloids which are preferenti- 
ally adsorbed by metals, e.g., gelatin. Their action is no doubt to prevent, 
by adsorption on the met^ or by cataphoretic migration, the continued 
growth of an existing grain and hence compel the formation of a new one. 
Indeed it haa been shown by Wemick “ that the eflBciency of such addition 
agents in reducing the grain size of silver deposits, is broadly proportional 
to their power of protecting coUiodal silver sols from flocculation by 
electrolytes. 

Similar results may, however, result automatically without such addi- 
tions. For example, the fine grain size of nickel electrodeposits has been 
shown ‘t ** to be due to the formation in the diffusion layer of colloidal 
nickel compounds and their co-deposition with the metal, restraining its 
grain size. 

Similar evidence is available to explain the very fine grain size in 
chromium deposited from chromic acid solution **• and deposits from 
some double cj’anide solutions. 

Experimental. 

Current density-cathode potential curves have been determined for 
deposition of (i) mercury from solutions of mercurous nitrate or perchlorate 
or potassium mercuricyanide of various concentrations, (ii) copper from 
cupric sulphate solutions ^vith different sulphuric acid additions, (iii) silver 
from a solution of AgCN 35 g., KCN 37 g., KjCO, 38 g. per litre, (iv) nickel 
from a solution of NiSO,, 7HaO 240 g., HjBO, 30 g., KCl 19 g. per litre, 
pn value 5*8 colorimetrically. In all cases the cathode potential was 
determined by the Luggin capillary, direct method using a calomel reference 
electrode. 

The mercurous nitrate solution contained the minimum quantity of 
nitric acid to prevent hydrolysis. Mercurous perchlorate solutions were 
prepared by Pugh’s method.” Mercuric potassium cyanide rvas prepared 
by dissolving mercuric oxide in potassium cj’anide solution ; mercurous 
cyanide appears to be unknown. A circular glass cup filled with mercury 
formed the cathode in a cell with a mercury-pool anc^e below. Measure- 
ment of current-potential curves of mercury deposition from strong aqueous 
mercurous perchlorate solutions which freeze below — 45“ c. was attempted 
slightly above and below the freezing-point of mercury, but so flu* bat; been 
inconclusive due to experimental difficulties. In the deposition of the solid 
metals the cathode consisted of a circular sheet parallel to and equidistant 
from two flat anodes ; electrolysis was carried out for 30 min , at a medium 
current density before readings were commenced. 

Deposits of copper and silver about 0-04 inch thick were also built up 
on a cylindrical rod of the same metal for examination of the cross sectional 
microstructure. Nickel was also deposited on a sufficient volume of mer- 
cury for the cathode to remain fluid, clean and apparently homogeneous 
throughout. 

Results. 

Mercury. — Curves were obtained for each solution at various dilutions 
and were all of similar shape, t}q>ical examples being shown in Fig. z and 2. 
These were entirely consistent with equations (2) or (3) ; Glasstone ' 

Wemick, Trans. Faraday Soc.. 1928, 34, 361. 

H Gardam and Macnaughi^, iiid,, 1933, 39, 755. 

« Kaspw. Bur. Stand. J. Res., 1932, 9, 351 ; 1935. 14, 693. 

“Adcock, J. Iron and Steti Inst., 1927, 115, 3^. 
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quotes \'alues of D = i*2 , 1 = o-os, whence k-i (equation (2)) becomes 0-027. 
A larger numerical constant (0-058) showed b^er agreement ^vith the 



Fro. r. — Catbode potential-current density 
curves for mercury* deposition (full line) 
compared with calculated values (broken 
line) 20“ c. 


experimental curves, prob- 
ably OAvmg to the horizontal 
disposition of the cathode. 

Copper and Silver.^ — 
The current-potential curves 
showed some or all of the 
following well marked di- 
visions in sequence of in- 
creasing current density : 

(а) at very low current 
densities a slight rise from 
the equilibrium potential, 

(б) a linear portion m which 
polarisation and current 
density were directly pro- 
portional, (c) an abrupt dis- 
continuity, with increase of 

followed by a curve in 
da 

which polarisation was 
accurately proportional to 
log d, (d) a rapidly in- 
creasing polarisation to the 
limiting current density. 


Typical curves are shown in Fig. 3, 4 and 5. In copper sulphate solutions, 
increase of temperature or decrease of aci^ty diminished the extent of the 



Fig. 3. — Cathode potential-current 
densitj' curves for copper deposi- 
tion a solution of CuSO^, 

SHjO 200. HjSOj 50 g./l. at 
Fig. 2. — Cathode potential-current densit}-^ various temperatures. The ringed 
curves^ for mercu^ depc^tion from numbers refer to later figures 

potassium mercoiic cysuoide solutiou showing the miciostmctuie of the 

(20 c.**). deposit 



l<^;arithinic portion c, till at 35® c., or without added acid, it was not realised. 
In silver potassinm cyanide solutions all portions were realised, but the 
influence of temperature was siinilar. 

The microstructore of numerous copper deposits showed that those 
prepared at current densities corresponding to section 6 were coarsely 






Fig. 9. — 0*0133 amp./sq. cm. 

Fig. 7, S and 9. — Microstrncture of electxodeposits from CuSO^. jHjO, 
200 g.,l.,HjS04 50 g. 'L, 16® c. at current density shovm, X 100. 

TTrt fnrn -hnati tS-t 
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crystalline, the number of grains per unit cathode area tending to decrease 


with time ; on section c the 
deposits were finer, acicular 
and confused, the grains per 
unit area remaining constant 
or increasing. At current 
densities near the transition 
b — c twinning of the grains 
was observed. One typical 
example of each case is ^own 
in Fig. 7, 8 and 9. The 
microstructure of all the 
silver deposits consisted of 
a very fine and not clearly 
resoh’able structure ; no 
especial distinction could be 
made even after annealing. 

Nickel. — The current- 
potential curves for deposi- 
tion on both solid and liquid 
cathodes were fairly ac- 
curately logarithmic at all 
current densities, and are 
shown in Fig. 6. The actual 
polarisation was, however. 



0*25-0*5 V. greater on the 
mercury cathode. The mi- 
crostructureof the solid metal 
Avas fine grained and acicular. 


Fig. 4. — Cathode potential-cuixent den^ty 
curves for copper deMsition from various 
sulphate solutions (20® c.). 


n 



■^G. 5* — Cathode potential-current den- Fig. 6. — Cathode potential-current 
sity curves for silver deposition from density curves for tiicVaI deposition 
potessium. silver cyanide solution at (20° c.). 
various temperatui^. 

Discussion. 

The current-potential curves for deposition of liquid mercury are 
for simple and complex solntions. They are consistent with equation? 
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{2) or (3) respectively ; in the case of complex solutions, however, since the 
polarisation is not markedly greater than for simple solutions, there appears 
no justihcation for doubting that concentration polarisation is the chief 
factor operating when a liquid metal is deposited. 

The very different form of the curve for nickel deposition on a mercury 
cathode, and in particular the high polarisation found, taking into account 
the high hydrogen oveiA’oltage of mercury, suggests that difficulties of 
concentration polarisation and crystallisation are here negligible, and that 
some factor associated with hydrogen ion discharge is operative. In view 
of the well-known irreversibility of deposition of nickel the observation 
may be important. It may arise directly from the dependence of nickel 
ion discharge on hydrogen ion discharge or indirectly owing to the necessity 
of forming a high pn cathode film from which much of the nickel is preci- 
pitated as basic material. 

The current-potential cur\'ea for copper deposition from simple acid 
sulphate solutions and for silver deposition from complex cyanide solutions 
are similar to each other but more complex than the foregoing type. Only 
the linear current-polarisation relation at low current densities, and the 
logarithmic relation at high densities need be discussed here. The structure 
of copper deposits suggests that formation of new grain nuclei is absent in 
the former but common in the latter case ; similar evidence was not ob- 
tained for silver possiblj' because of a different factor restraining grain 
size. The type of cur^'e obtained for silver solution, which imdoubtedly 
contains complex ions, was not, however, of the form given by equation (3), 
and it is conduded that speed of decomposition of complex ions is not the 
controlling ffictor. 

Although both linear and logarithmic polarisation curves have been 
recorded (see ref. •• for review), the sequence of parts does not seem to have 
been emphasised. Chiout *• showed that the structure of a single copper 
crystal was continued by deposition of copper tmder conditions known 
from the present work to result in a linear relation, but gave polycr37Stalliue 
results under other conditions. Erdey Gruz and F ranVI »* failed to con- 
tinue growth of single crystals, which is surprising in view of their success 
with copper and silver in more complex solutic^ and the lin ear curves 
they obtained. Boulach,*® using rotating cathodes in add copper sulphate 
solutions, obtained very similaT results to those recorded here, but owing 
to paudty of determinations at the lower current densities, he failed to 
observe the sharp discontinuity. He proposed an empiricsd equation of 
RT 

the form C = :^(i + Ad*) which gives a smooth curve without the 
sharp discontinuity. 

It is concluded that the linear relation is an indication of the building 
up of existing grains. This seems almost certain for copper and very 
probable for silver. The logarithmic type is most probably a sign of 

frequent formation of new grain nuclei. The sudden sharp increase of — 

at the critical current density is less easy to understand and may result 
from exhaustion, in the \'idnity of the cathode, of special highly activated 
ions, e.g., unhj^drated ions ; or from the accumulation of some obstruction, 
e.g., undischa^eable hydrogen ions as suggested by Boulach.** The sub- 
sequent reduction of polai^ation at higher current densities below the 
extrapolated linear graph is consistant with Erdey Gruz and Volmer’s 
equations for prodnction of new nuclei, and the resultant increase in 
a^ve cenixes. 

It is <x>ncluded that the ph3rsical form of the cathode mpi t.a.1 deposit may 

*» Chiout, Abstract in Imt, Metals, 1928, 39, 595. 

•• Erdey Gruz and FranM, Z. pl^sih. Chem., 1937, 178, 266. 

“ Boulach, Trans. Avur. Electrochem. Soc., 1938, 74, 399. 

*• Gaxdam, Trans. Faraday Soc., 1938, 34, 6g^. 
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influence the polarisation to an extent not sufl&ciently appreciated and 
may overshadow purely electrochemical effects. 

Acknowledgement is made to the Chief Scientist, Ministry of Supply, 
for permission to publish thia paper, which describes work done at Woolwich 
Polytechnic, London, S.E. 18. 

Summary. 

The factors affecting polarisation in the electrodeposition of metals 
have been discussed. It has been shovr-n that concentration polarisation 
or slow dissociation of complex or hydrated ions can be expressed by a 
formula : — 

A« = o-o58/n log (1 — djkC). 

Polarisation may also arise from passage of ions through films or other 
obstructions, by difficulties of discharge of ions either generally or at the re- 
quired position on a solid metal, and by difficulties of disposing of the new 
atoms in an existing or new grain lattice. The obstruction to cr5rstal growth 
by absorbed or co-deposited non-metallic matter may further mcrease the 
polarisation. 

It is experimentally* shown that deposition of liquid mercury from simple 
or complex solutions results in concentration polarisation only. In the 
electrodeposition of sohd copper from simple, or of silver from complex 
solutions or of nickel, concentration polarisation is overshadowed and the 
relations are complex and multiple. These probably result from physical 
state of the deposited metal rather than from the electro-chemical con- 
ditions. The linear current-polarisation relation often found at medium 
current densities results from a deposit of large or increasing grain size 
whilst the more frequent logarithmic relation is an indication of the fre- 
quent production of new grains. The polarisation of nickel deposition on 
liquid mercury is considerably higher than that of deposition of the solid 
metal ; this is related to hydrogen o\*ervoltage and a probable interrelation 
between hydrogen and nickel ion discharge. 

R6siim6. 

On d^crit ici les facteurs qui affectent la polarisation dans le ddpdt 
^ectrolytique des mdtaux. II est possible d’exprimer la polarisation par 
concentration ou la dissociation lente d’ions complexes ou hydratds par 
une Equation logaiithmique ; cependant la polarisation pent avoir d'autres 
causes : obstacle au passage des ions, difficultds de ddcharge ou de dis- 
position des nouveaux atomes, ce qui est accru par une adsorption ou nn 
d6p6t simultan6 de substance non mStallique, ou si la croissance des 
czistaux se trouve empdch^e. On montre que le d^pdt de mercure liquide 
r^sulte de la polarisation par concentration, mais ced est dissimul4 par des 
ph6nom&nes plus compliqu6s pour Cu (it partir de solutions simples) et Ag 
(h partir de solutions complexes) oh I’^tat physique du mStal d6pos6 affecte 
les r6sultats. La courbe courant-polaxisation (pour des densit6s de courant 
moyennes) est une droite lorsqu'il s'agit de grains de grande taille, tATidis 
que la production fr6quente de nouveaux grains est indiqu6e par la relation 
logaiithmique. La polarisation de Ni sur Hg liquide est discut^ en 
fonction du survoltage d'hydrogdie. 

Zusaimneiif assung . 

Die verscbiedenen Faktoren, die die Polarisation bei der elektrolytischen 
Abscheidung von MetaUen bedmflussen, werden besprocheru Konzentra- 
tion^olarisation oder langsame Dissoziation eines komplexen oder hydra- 
tierten Ions kfinnen durch eine logarithmische Gleichung ausgedrflckt 
werden. Polarisation kann aber auch durch den Duichgang von lonen 
durch Hindemisse oder durch Schwierigkeiten bei der Entladung oder bei 
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der Anordnung der neuen Atome verursacht werden; SchAvierigkeiten, 
welche dutch Behinderung des Kristallwuchses dutch Adsotption odet 
Mitabscheidung von nichtmetallischen Substanzen vetgtSssert -wetden. 
£s wird experimentell gezeigt, dass die Abscheidung von Quecksilbet nut 
von Konzentrationspolarisation begleitet ist, -wAhtend diese im Falle det 
Abscheidung von Cu aus ein&chen KupfersalzlSsungen odet von Ag aus 
Komplexsalzldsungen dutch kompliziettete Votg&nge m den Schntten 
gestellt witd. In diesen Fallen bedinflusst det physikalische Zustand des 
abgeschiedenen Metalls die Resultate. Die getadlinige Sttomstatke- 
Folarisationskurve fiit mittlete Sttomdichten ist bei einer Abscheidung in 
gtossen KOtnetn zu etwatten. wahrend eine logarithmische Beziehung auf 
die h&uhge Etzeugung von neuen Kdtnetn hindeutet. Die Polarisation 
von Ni an fitissigem Hg wird mit Bezug auf die Waserstofidberspannung 
bespiochen. 


(fl) GENERAL DISCUSSION* 

Prof. A. R. Ubbelohde {Belfast) said : With regard to the remarks 
by Dr. Hothersall, a problem of considerable interest for the deposition 
of metals on electrodes, and also for the over-potential associated with 
such deposition, is the state of strain of the first few atomic layers and 
one me^ on a substrate of different lattice spacing. Can it be said that 
if the lattice spacing of the substrate is greater than that of the deposit 
the first few layers will be in a state of strain, and if the lattice-spacing 
of the substrate is smaller the first few layers of the deposit wiU tend to 
buckle? The mechanical processes in the first few layers of a deposit 
will presumably be quite different from those in deposits thick enough 
to have reached the normal lattice spacing of the deposited metal. In 
particular, the mechanism of rupture of a metal under strain may be 
expected to be very different in thin layers, from the '* normal " process 
in layers of appreciable thickness. It may be that thin layers will show 
rupture-limits approximating to the theoretical values for a lattice free 
from flaws; in this case the overpotential due to strain may be quite 
appreciable. 

A cognate problem is the " stripping ” of thin deposits of metal. For 
example, when copper is plated ^ectrolyticaUy on to glass the surface 
which has been rendered conducting, either by baking on a layer of 
colloidal graphite, or by depositing platinum from an organic solution, 
it is found to strip mu(^ more ea^y from Pyrex than from soda glass. 
Is this due to the spacing of the substrate, or to the role of hydrogen ions 
in producing layers in a state of strain ? 

Dr. G. £. Gardaza i^oolwich) said : The generalised conclusion 
(eqn. {9)) of Hoar and Ag^’s pap«:, that the current distribution ratio 
on two independent cathodes, is the ratio of their respective anode-cathode 
disinnces, increased by a quantity x> Is great practical utility, 
since the additive feictor is independent of the particular anode-cathode 
arrangement and is a measure only of the throwing ability of the solution. 
The additive factor is the product of the conductivity of the solution and 
a factor representative of the change of cathode potential with c.d. ; if, 
as is frequently the case, the cathcde potential-c.d. curve is such that it 
can be expressed by an equation, the derivative can be used in x > other- 
wise the authors' equation cannot readily be used for numerical calcoilation. 

In the practical case where the anode-cathode paths are common 
over most of the distance, the independent portions are relatively short 
and the influence of the additive &ctor may be predominant. Practical 
dectco-deporitors axe frequently astonished at the apparently extreme 
throwing powK observed in sm^ fissure although the electro-deposition 


* On the six preceding papers. 
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process is kno\m to have only moderate throwing power on a larger scale : 
the explanation is clear from the authors’ conclusion and the similar 
equations in the writer’s paper.^ 

Prof. A. J. Allmand {London) said : Dr. Gardam suggests as one cause 
of overpotential in metal deposition the " dif&culties of disposing of the 
new atoms in an existing or new grain lattice.” Evidence pomting to 
related phenomena has b^n obteiined in the work on electrol3rtic brass 
deposition from cyanide solution, carried out by Dr. T. Banerjee in the 
IGng’s College laboratories. Working at room temperature, with a total 
Cu -f- Zn concentration of 0-5 g.-atom/l. and with the OH' and the free CN' 
concentrations essentially the same in every case, he has shown that brass 
of any required composition can be deposited by suitable variation of 
(a) the Cu/Zn ratio m the electrolyte and (6) the cathode potential. 
Moreover, in the main experiments, the deposits contam, without ex- 
ception, either one pure phase or a mixture of two adjacent phases. 
Attention will be directed to three specific points. 

(1) The phase-composition hmits of the alloys correspond by no means 
exactly to equilibrium conditions, as deduced from the thermal diagram 
at 2O0-' c. The existence ranges of a-, and e-brasses, in particular the 
last, are definitely enlarged, whilst that of the complex y-phase is reduced. 

(2) At low cathodic polarisations, e- and (e -j- ) y-phases are prefer- 
entially deposited over a wide range of Cu/Zn ratio in the electrolyte. 
Using a particular appropriate Cu/Zn value, or (• -}- ) y-allo3rs are, in 
this case, deposited with but slight changes in composition over a very 
considerable cathode potential range. Hydrogen overpotential on brass 
cathodes exhibits a minimum in this composition region (Thompson), 

(3) The relative reluctance with which the y-phase is apparently 
formed is paralleled by certain further observations : (a) difficulty in 
controlling cathode potential fluctuations when depositing y- or (/3 -f y-) 
allo^ ; (6) evidence that rapid changes are taking place in the deposit 
during (visible colour fluctuations on the cathode), or immediately after 
its formation (in two cases a very rapid rise in the alloy potential from a 
base to a more noble \-alue, during the few minutes after completion of 
the electrolysis) ; (r) the formation, in certain experiments, of alloys with 
24"25 % Cu, which proved to be «- with a trace of ij-, which would have 
been (c jS-) if in equilibrium, and which only developed the y-structure 
after annealing. 

This last observation is reminiscent of the behaviour of electroljrtic 
manganese, which has a face-centred tetragonal structure when deposited, 
eind which slowly changes into the form stable at room temperature! 
with a y^like structure, when allowed to stand. 

Dr. T. P. Hoar {Cambridge) said : The change of reversible potential of 
a metal due to stresses in it, just mentioned by Ubbelohde, may readily 
be calculated (by equating mechanical and electrical work) as quite small, 
or the order of i mv. or less, at any rate for metal in bulk. 

— ^ = X. m the formula given by Agar and myself for the 

current ratio in the Haring cell, is, as Gardam suggests, a general measure 
of the throwing power of a solution ; it is unfortunately not a constant 
(unless the E, — t curi'c is rectilinear), and can only be used to dracribe the 
throwing power of a solution over a given range of cathodic c.d. 

Gardam points out that a small depression in a cathode fiHs tip equally 
well in a large as in a small electroplating bath ; since the current paths 
up to the depression and to points near to it are common, the important 
dimen^on in such a case is not the total distance between anode and 
cathode, but is a length of the same order of magnitude as the depth of 
the depresaon, independent of the size of the bath. In general, cathodes 
of equal size will receive equally wdl-thrown deposits in amnH or large 

t Gardam, Trans. Faraday Soc., 1938, 34, 698. 
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baths ; but if the size of the cathode is proportional to the size of the bath, 
a large cathode ^vill receive a less well-thrown deposit than a small. Also, 
a number of small cathodes, well spaced in a large bath, will receive better- 
thrown deposits than one large one of equal area ; but if the small cathodes 
are bunched together, the deposits will become less well thrown. 

The Harmg cell is an idealisation, in which current paths zo and 50 cm. 
long to the two cathodes are deliberately kept separate ; it thus gives a 
very conservative estimate of throwing power, quantitatively applicable 
only to such cases as the throwmg of deposite mto the interior of, for 
instance, tubes having dimensions near to those of the cell. 

Dr. M. Haisslnsl^ {Paris) said : In addition to the methods quoted 
by the authors, the advances realised recently in the preparation of 
sensitive photo-plates permit one to utilise another powerful method, 
i.e. photo-radioactive, for the investigation of the structures of electro- 
lytic deposits. Let a radioelement, or a common element containing 
some traces of a radioactive isotope, be formed on an electrode and applied 
to a specially prepared photographic plate. The a- or p-xsya emitted 
during the decay of the radiodement cause a blackening at the points 
where the desintegration of the atoms takes place. As illustration of the 
possibilities of t^ method three reproductions of such plates (Ilford 
Half-Tone concentrated) obtained with Po deposits are given in Fig. 1-3. 
The experimental conditions were as follows. 

(1) Spontaneous deposit on a silver sheet in 10 c.c. of 0*3 n. HNOj 
containing about i x zo-'® g. of Po ; the deposited amountis Z‘7 x zo g. 
and time of exposure of the plate z hour. The magnification is 700. As 
one can see, the distribution of the deposit is very uniform. 

(2) Cathodic deposit on gold in nitric acid of the same normality as 
before, obtained at a potential very near to the critical one, i.e. just 
favourable to the beginning of the deposit. The initial concentration of 
Po was 8«5 X zo“i* g. in zo cc. and time of exposure i hr. The deposit 
is here visibly concentrated in a few spots. 

(3) The conditions were the same as in (2) but the Po concentration 
was 5 times larger ; a part of the deposit was dissolved anodically. In 
addition to the ooncentmted spots, one can see an important distribution 
over the whole of the electrode surface. Similar plates were obtained 
with The, the isotope of Bi. These experiments, carried out in collabora- 
tion with Mrs. Faraggi and hlr. Coche, are only in their v^ beginning 
and we are not yet able to state the exact conditions that wfil enable us 
to obtain the one or the other deposit structure. In particular, it is still 
too early to ascertain whether the spots correspond to microscopic irregu- 
larities in the structure of the substrate or to active centres, as I have 
postulated in order to explain the kinetics of deposition of some radio- 
elements.* 

Under the conditions described, the deposit is far from being sufficient 
in order to cover the electrode with a monoatomic layer. We have thus 
the possibility of investigating the very initial stage of deposit formation. 
If the radioelement is used as tracer added to more important quantities 
of a common element (for instance ThC to Bi), the method of course 
permits the study of growth and further modifications of the deposit 
structure. It is to be noted that even in the case of the above experi- 
ments the polonium is used as its own tracer, since during the exposition 
only about z /5000th or i /3000th part of the deposit has deca3red. 

With reference to Gardam’s paper, in the particular case of silver 
cyanide complex ions it is very difficult to admit that the cathode potential 
is dependent on the decomposition reaction postulated by the author : 

[Ag(CN) J- = Ag+ + 2CN-. 

Haber has shown already in Z906 that if one assumes the potential 
to be defined by this reaction, the rate of the decomposition must be so 

• J. CWm. Physique, 1953, 30 » W 3 » *1. 
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hi gh that it haj* no physical meaning. The question was discussed later 
by many other authors, more recently by Glasstone * and by Glazunov,* 
and some other mechanisms, such as the discharge of positive complexes 
ions [Ag3CN]+, were suggested. 

Dr. M. Hi^Bsinsky {Paris) {communicated) : New experiments realisec 
by this method show that the spots of the Fig. 2-3 are in relation with 
the formation in solution of some colloidal hydrolytic compounds of Pc 
(by aging). It seems that the micelles are deposited on the cathode 
more rapidly than the Po>ions. The investigation is continued. 

Dr. H. Wllman {London^ said : Several speakers have indicated their 
appreciation of the complexity of the processes and the large number of 
favors involved in ^ec^o-deposition. In our paper on crystal growtt 
at the cathode we have established by electron diffraction the crysta 
structure, orientation, shape and degree of twinning in thin deports oi 
the suri^e regions of thlelr layers made under a wide range of conditions, 
and we have found that these facts lead to a concordant picture of the 
relathe importance of many Victors which influence growth of electro 
deposits. 

The mam primary factors which determine the actual growth of the 
deposits from the discharge of the cations and addition of the atoms tc 
the substrate or deposit crystal surfaces, do in fact appear to be (i) the 
rate of arrival and discharge of the ions at the cathode, (2) their mobility 
over the cathode surface, (3) the atonuc arrangement m the substrate 
ciystal surfaces. (4) the tendency of deposition to be concentrated most 
on the projecting parts of the cathode surf3u:e, which is never atomically 
smooth on solid cathodes, and (5) the extent and nature of the adsorption 
or co-deposition of other ions, atoms, molecules and colloids. The mnin 
secondaiy factors (i) electrolyte concentrations, (ii) temperature, (iii) c.d., 
(iv) degree of starmg and convection, are sdso foimd to have, in general, 
the effects on the above primary ffictors to be expected from current 
knowledge of the structure of the deposits obtained under different 
conditions by (a) sublimation in A'acuum and (6) crystal growth from 
solution. 

In particular, the electron diffraction observations show clearly the 
very d^tic hindrance to ciystal growth and the resulting random dis- 
position of the deposit crystals, when a hydrogen overpotentdal is present, 
i.e. hydrogen is deposited but not evolved. They show further the im- 
portant effect of the mobility of the 10ns or atoms over the cathode sur^e 
(until they reach positions of lowest potential energy there) in tending 
to cause preferential growth of crystals with the most closely-packed 
plane parallel to the substrate. Anyone who has looked down a micro- 
scope and seen the Brownian movements of colloidal particles can hardly 
fail to appreciate that the vigorous impacts of the solution molecules on 
the cathode must result in considerable movement of the ions and atoms 
near or deposited on the cathode surffice ; and the similar effect of the 
thermal vibrations of the atoms about their mean positions in the crystal 
lattice at the cathode surface is also clearly shown by the election dif- 
fraction observations that sublimed metal deposits are amorphous on 
substrates cooled in liquid air but crystalline at room temperatme. The 
tendency for electro-deposition on projections is well known (dendritic 
structures) but the results describe here illustrate the dreumstanoes 
under which this becomes so prominent as to impose its characteristic 
crystal orientation against that favoured by lateral mobility. It is hardly 
necessary to empha^e the effect of the substrate (uystal lattice on the 
deposit crystal orientation, since this is now well appreciated, but two 
slides * will help to convey the sort of picture one visuahses of random and 


* J. Chem, Soc., 1929, 690. 

* Z. physih. Chem., 1939. 185, 393. 

* Finch and 'Whitmore, Trans. Faraday Soc., 1938, 34, 640, Fig. i and 3. 
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orientated deposits crystals (in this case, of ionic type) on amorphous 
and on crystaJline substrates respectively. 

The microphotographs of nickd on brass shovni by a previous speaker 
are very interesting as illustrations of the way in which deposition may 
be concentrated not only on projections, but in other conditions conversely 
at the bottoms of depressions so as to fill them up rapidly and produce 
a level surface in a layer about as thick (0-005 ^■) ^ depression was 
deep and broad. Su^ a filliug -in of depressions may perhaps result if 
hy(hrogen is deposited and adsorbed on the main-level cathode surface 
nearest the anode, but less so in the depressions, where metal ions could 
therefore be neutralised and deposited more rapidly. The deposits shown 
in these photographs seem to have a very fine grain structure which would 
support this explanation. 

An example where the intercrystalline boundary depressions caused 
by etching a copper substrate had not been appreciably filled in though 
the nickel deposit was much thicker than their average width ('-«' 20,000 a.) 
is shown by some slides from previous published results.* In this case 
the microphotographs showed that the deposit surface vras practically 
parallel to that of the substrate, faithfully repeating all the irregularities 
at the substrate crystal boundaries. 

Mr. L. Yang (London) said : While various theories have been put 
forward for the explanation of the hydrogen overvoltage, our paper is 
specially concerned with the efiect produced by this suppressed evolution 
of hydrogen on the growth of the deposited metal crystals. In our paper 
it has been pointed out that, for metals of high hydrogen overv'oltage 
(i) the deposit consists of randomly disposed crystels, or even of amorphous 
structure, when deposited under conditions such that the evolution of 
hydrogen is completely suppressed by the hydrogen overvoltage, (ii) with 
other conditions unchiang^, by raising the c.d. (provided this does not 
make the deposit spongy or tree-like) until hydrogen evolves continuously, 
the deposit^ mel^ c^^als are orientated. This observation may 
considered as a direct evidence which shows that before the evolution 
there is something accumulated on tiie cathode surhice, which interferes 
with the growth of the deposited metal crystals, although it is not possible 
to say d^nitriy whether the accumulated substance is hydrogen atom or 
hydrogen ion. 

With regard to metal overvoltage, the results in our paper have shown 
that when the cathodic polarisation is high, the most^ensely-packed 
lattice-plane orientation of the deposited metal crystals is not ol^erved 
owing to the low mobility of the metal ions over the cathode surface. 
This is in agreement with Dr. Gardam’s suggestion that at least part of 
the cathodic polarisation may be attributed to the difficulty of the lateral 
movement of the metal ions over the cathode surface. 

Mr. B. A. Ollard {London) said : Although he had not had time to read 
through the paper of Finch et al. as carefully as he would have liked, he 
had formed the opinion that it suggested that a thin deposit made upon 
a metal surfoce completely covered the base metal with an even layer. 
In point of fact, however, this was not the case. Deposits started to 
grow from various points on the surfoce. In the case of a nickri deposit 
made under ordinary conditions on to pickled brass it might be a minute 
or so before the brass surface was completely covered. 

With regard to the fiUing-up of small cracks and imx>erfections on 
the suiffice, this was not a question of throwing power, but was more 
usually a function of the surface itsdf. Under &e conditions described 
above the metal would fill a thin deep crack if it were of HTunll dimensions, 
but in the case of a wider scratch of larger size, the metal deposit would 
follow this round, and the scratch would reproduce on the surfoce of the 
deposit. 


* Finch and Williams, Tfans. Faraday Soc., 1937, 33 > 5 ^- 
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The exact conditions governing this phenomena were at the moment 
under investigation, and it was hoped to find some law governing it in 
due course. 

Mr. A. W. Hothersall {Woolwich) said : The general conclusions reached 
by Finch, Wilman and Yang are m agreement with the picture sketched 
from pre\’ious results of the way in which the structure of dectro-deposited 
metals is built up and the results help to fill in some of the detail in a 
useful manner. The authors' intCTpretation of the action of hydrogen 
ions or atoms in blocking the access of metal ions and so interfering wi'^ 
the continuation of eTristing lattice layers does not seem satisfactorily in 
accord with some results which suggest that, in certain metal deposition 
processes, a much greater effect is produced by basic metallic compoun^ 
precipitated at the cathode fece as a result of H+ ion dischaige while in 
other processes, where many H+ ions are present but none are discharged 
(such as copper deposition from acid sulphate solution), addition to the 
solution of excess of sulphuric acid or of alkali metal sulphate makes 
comparatively little difference to the indentation hardness of the deposit. 
A marked hardenmg of copper deposits results from addition of gelatin 
and one wonders whether the random orientation of the authors’ Pb 
deposit prepared from a perchlorate solution may not have been due to 
the gelatin rather than to the effect of undischarged H+ ions. It would 
be useful if the authors would define the term " random orientation 

Mr. L. Yang {London) (communicaied) : The questions raised by Mr. 
Hothersall on certain points in our paper are due to some misunderstandings 
of what we really mean. 

We do not mean that hydrogen ions in the solution, which are adsorbed 
on the cathode surface in a more or less d3mamic state, or the hydrogen 
atoms on the cathode surface which can combine easily to form hydrogen 
molecules and then evolve as gas bubbles (provided the evolution of 
hydrogen is not in excessive amount), would influence seriously (a) the 
continuation of the crystal lattice of ^e substrate by the deposit in the 
initial stage and {b) the development of crystal orientation in tluck deposit. 
Our idea is that a strong disturbing effect on {a) and (b) is found only when 
the cathode potential 1^ exceed^ die discharging potential of hydrogen 
ions in the corresponding solution but, owing to a comparativ^y Id gb 
hydrogen overvoltage of the deposited metal, the hydrogen ions, brought 
to the cathode surffice by the electric field, are either adsorbed on the 
cathode surface in a more static manner or, after discharge, the hydrogen 
atoms formed accumulate on the cathode surflue but are not evolved as 
gas. It is in this accumulated ionic or atomic state that hyxirogen will 
seriously interfere with the gr owt h of the deposit crystals. In the 
cited by Mr. Hothersall (deposition of Cu horn an acid copper sulphate 
bath), this situation will never be reached even if the acidity of the solution 
is varied within a wide but reasonable range or if alkali metal sulphate 
has been added to the solution. Besides, copper has a comparatively 
low hydrogen overvoltage. Thocefiare, it is not surprising that change 
of the acidity or the addition of alkali metal sulphate causes little infliiAncft 
on the growth of the copper crystals and hence their hardness. 

Also we do not mean that this accumulated state of ionic or atomic 
h3rdrogen is the only disturbing factor on (a) and (6) above. We have 
mentioned repeatedly that colloidal substances liim gelatine and co- 
deposited basic met^ hydroxides may also modify the structure of the 
deposit. Although mimoscopic evid^ces have shown that they 
liinit the crystal size of the deposit, their influences on (a) said (b) do not 
seem to fcfilow as a natural consequence. Copper deposited from an 
acid copper sulphate bath (200 g. CuSO* . 5 H ,0 and 30 g. H,SO* per litre 
of sdntion, c.d. 0*75 amp./<hm*, bath temperature 25® c.) containing 
2*5 g. gelatine ;TOr litre, shows practically the same (no) orientation as 
copper deposited nnder the same conditions from the same bath except 
that no gdatine has been added. Nickel, as shown in our paper, deposited 
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on copper single crystals continues the lattice of the substrate up to 30,000 a. 
or more, yet the deposition of nickel has been considered as a case associ- 
ated with the codeposition of basic metal hydroxides. Therefore, the effect 
of gelatine and basic metal hydroxides on the structure of electrodeposits, 
as emphasised by Mr. Hothersall, seems to be only limited to the crystal 
size of the deposit but negligible, if any, on the other respects of the 
structure of tbe deposit. 

Mr. Hothersall has asked for the definition of the term " random 
orientation.” I am afraid we have not used this term, composed as it is 
of two incompatible words, at all in our paper. The only place where 
this terms appears is in the Introductory paper by Mr. HothrasaU. 

I wish to draw attention to the importance of a careful examination 
of the conditions of the cathode suiiace before the measurement of 
hydrogen overvoltage. The surface of less noble metals, though of the 
highest purity, if left exposed even to non-contaxninated air, will soon 
become covered with a ihin layer of oxide which can be detected very 
easily in the electron diffraction camera. Scratching or polishing the 
cathode surface before use do not help much and polishing may malm the 
matter even worse owing to the formation of an amorphous ^ilby layer 
on the surface. I need not cite tbe active metals lilm Fe as examples, 
and even those comparatively inert metals like Cu, Pb and Sn are oxidised 
very easily. Thus, a piece of electrodeposited copper, if left exposed 
at room temperature to air for a few minutes, becomes covered with a 
thin layer of Cu^O. Tin, though slightly' longer time is required, is oxidised 
to SnO. Electrodeposited lead seexns to be so active that a la3'er of PbO is 
formed even if the surface has been exposed to distilled water for ten seconds. 

Dr. J. B. O’SuUlvan {Manchester) {conimunicaiei ) : An extreme case of 
uneven crystal growth at the cathode was observed during experiments 
on the passage of a direct current through Cellophane impregnated with 
salts. Such material behaves essentially like an aqueous salt solution 
under dectrolyms, but ionic migration and diffusion are much slower, and 
convection is virtually absent. In one experiment, a piece of Cellophane 
which had been impr^^ted in a 20 % solution of AgNO„ and subse- 
quently conditioned at 65 % r.h., was electrolysed between bull-dog 
clips lined with copper foff. Inst^d of silver plating on to the copper 
cathode, an elaborately ” treed ” deposit formed in the Cellophane, as 
shown in the illustration, which is In^ten from a paper shortly to be pub- 
lished in the J. Text, Inst, The conductivity of the slightly swollen gel 
which forms the dectrdlyte, was very low. namely 0-5 millimhos/cm., 
and the voltage gradient was high, about 50 v./cm., this being po^ble 
owing to the low conductivity of the material. These conditions of low 
conductivity, high potential gradient and an unstirred electrolyte, are 
precisely those which are known to favour "treeing”, but the present 
case is exceptionally pronounced. 

Dr. W. J. Dunxdn^ {Bristol) {commitnicaied) : Metal plating, which is 
being deposited dectrolytically on a cathode, may or may not fiff in cracks 
and scratches on the surface. Among the factors which may have an 
influence are the dimensions of the scratches and the number of scratches 
per unit area. This is due to the chemical potential (and hence the electro- 
chemical potential) of the surface within tte crack being lower than that 
of the sur&ice, thus fiivouring growth of nuclei and deposition of metal 
within the crack and the eventual healing of it. The difference between 
the chemical potentials is greater the narrower the crack and the greater 
the number per cm.*. 

This is analogous to the increased vapour pressure pr of a small liquid 
droplet, radius r. compared with the vapour pressure, poo, of a plane sur^e 
of ‘&e same liquid (Gibbfr-Thomson). 

— Poo => = 7" 

where 9 is Ihe sur&ce tension. 
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Consider in a metal of simple cubic structure an idealised crack, the 
walls of which are no t3rpe lattice planes, its depth I* and length 
Assume that a metal atom inside the crystal has six bonds, one wi^ each 
of its nearest neighbours and each bond of strength E. Following the 
methods of Stranski and Kaischew, the chemical potential /ij of the surface 
2 will be smaller the smaller the value of and is approximately given by 

where d is the diameter of the metal atom. Putting d = 3 a., E = 0-3 ev. 
and /, = 00, the difference in chemical potentials will be i mv. when 
= 0’6 fi. If the crack is ten times as large, the difference is onl}' o-r mv. 
Hence the smaller the cracks the more readily they will heal. 

Again, if Zi is the average distance on the surface between cracks, the 
rh>>TTiirftl potential of the surface planes (i) of the cathode is greater than 
that of a smooth extensive 100 plane by an amount (approximately) 



It will be seen that the larger the number of cracks per unit area the higher 
will be the chemical potential of the surface i. 

Dr. F. Wormwell {Teddington) said: Dr. Agar and Dr. Hoar have 
drawn our attention to a matter of some theoretic^ and practical mterest. 



in pointing out the inffuence of the linear dimensions of electrochemical 
systems on the relative importance of electrical conductivity and of 
electrode polarisation. If the dangers of extrapolation from small-scale 
experiments to large-scale service systems are not sufficiently reaUsed, 
this paper should serve to drive home the lesson. 

From our work at Chemical Research Laboratory we can confirm the 
preponderating importance of polarisation in corrosion cells. The direct 
influence of dectimal conductivity is usually much less than is often 
supposed. 

In their discussion of the conditions fiir " true " model experiments. 
Dr. Agar and Dr. Hoar have rightly stressed the difficulties of adjusting 
the conditions in the cell to allow for polarisation effects. In natural 
waters such as fresh hard water or sea-water, the influence of deposits 
of calcium and magnesium compounds on the polarisation at cathodes is 
most important. Adjustment cff conductivity alone may lead to appreci- 
able errors because of the change m polarisation consequent on the re- 
duction in concentration of the calciiun and magnesium salts. I should 
like to a^ whether some satisfactory compromise can be effected between 
the two extremes of using either the natural water itself or the diluted 
water in model experiment. 

Dr. J. N. Agar {Cambrid^d) said ; 1 agree with Dr. Wormw'ell that 
polarisation is often the predominant factor in small cells, such as those 
associated with corrosion, and also that "true model" conditions can 
be achieved without any change in the conductivity of the electrolyte, 
provided polarisation remains predominant over the whole range of linear 
dimensions under considmntion. The argument developed by Hoar and 
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myself depends on the fact that the polarisation tends to be more im- 
portant in small sj’stems and the electrolytic resistance in large. This 
has not alwa3rs been appreciated ; one can find cases where the results 
of small-scale experiments have been applied to large-scale systems, 
regardless of the fact that the relative importance of polarisation and 
resistance is reversed by the change of scale. 

The possible, and in some cases probable, change of polarisation 
characteristics with concentration of electrolyte is the great^ obstacle 
to the application of the " true model " technique described in our paper. 
Such ch^ges can be investigated independently; as regards the fUm- 
forming solutes commonly present in natural waters, it may sometimes 
be possible to reduce the conductivity of the electrol3rte without ap- 
preciably altering the concentration of these solutes. 

Dr. V. Levlch {Moscow) {communicated) ; I should like to point out 
that the exact solutions found for cases of electrodes of simple geometrical 
forms may be qualitatively applied to electrodes of a more complicated 
geometrical form too. This method gives more than a simple application 
of dimension analysis, which has been also discussed by D. Frank- 
Ivamenezky.’ In particular, this generalisation can help in choosing the 
numbers m and n in the formula 

Nu s= (i2e)*(Pr)". 

In the case of laminar flow, n must be always equal to i /3. The MacAdams 
formula cited in the report of Agar can be applied only if Pr < loo, but 
not m the case of a larger Pr (looo and more). 

Mr. A. W. Hothersall {Woolwich) {communicated ) : It seems curious 
that Salt makes no mention of hydrogen overpotential as a possible 
contributing factor to the overpotential obser\*^ in nickel deposition. 
As Gardam has pointed out in his paper, the deposition of hydrogen and 
of nickel are inseparably connect^; and there is some expenmental 
evidence in support of the view that the initial process in the deposition 
of nickel (at least from solutions below about pu 6*3) is deposition of 
h^'drogen. Salt does not appear to have estimated the cathode efficiency 
in his experiments but from existing data obtained from similar solutions 
the following approximate results would be expected. 
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Calculation of the H overpotential corresponding to these c.d.'s of 
H deposition, if made on the same basis as that used by Salt to calculate 
his nickel overpotential (difference between static and dynamic potentials 
which for hydrogen could be derived from the Tafel equation) suggests 
that an appreciable part of the total oveipotential at low ps may 1^ due 
to hydrogen ; indeed it is hard to avoid such a conclusion when bubbles 
of h3rdrogen can always be seen during nickel deposition. Calculation of 
hydrogen overpotenti^ in buffered solutions is of course open to the ob- 
jection that, since the pis. at the cathode face is higher than in the bulk 
solution, the static potential is not known, but lAus objection also applies 
to calculation of nickel o\’erpotential. 

’ J. Physic, Chem. {Russ), 1945, 20, 225. 
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Dr. J. T. Barker [Flint) said : We have had a number of special 
theoretical details as to particular cases of overpotential and polarisation. 
\Miat I wish to bring forward is something of a more general and indeed 
more purely ph3^cal nature, with r^pect primarily to the latter. The 
well-known polmdsation formula has two pmdicularly important applica- 
tions, to the spontaneous processes of secondary or electrolytic ceUa and 
of primary cel^, working under a minimum of restraints. Tcildng as ^ 
example of the first, a cell with 30 % NaOH as ^ectrolyte, graphite 
cathode and platinum anode, operated at 50° c. by 4 v. in the external 
circuit, we sh^l have, since the true back e.m.f. of this cell is 1*5 v., 

•Ea + ^ + + -ff*) = resultant e.m.v. == 2-5 v. 

where the first two items are the polarisations and the second two, the 
p.D.’s expended in the two ohmic, non-inductive resistances. Assu m i n g 
a negligible change in the internal resistance. 22,, with operation, the sum 
of the polarisations is determined at each instant by the current. Ul- 
timately, these will in general increase and the current will steadily fall. 
It is apparent also that and can react upon each other. If 
is unusually high for a given current, E^ will ^ unusually low. The 
whole process is spontaneous, from the closing of the circuit. 

As an example of a primary cell, we may take sodium amalgam, with 
an electroh’te of cone. NaOH solution and a hydrogen cathode. The 
polarisation formula is 

+ -Ex + + -R#) = driving e.m.f. = E. 

E will steadily diminish and £, E^ E-g^ trill change spontaneously and 
have mutual reactions. For instance, if any two of them happen to change 
linearly with the current, the third must do the same. E, E^, Ej^ have 
three major spontaneous relationships, viz., those with current, quantity 
of electricity and time of operation. General d3mamical theory indicates 
that polarisation is an electrical force or p.d., rising spontaneously at the 
surface of an electrode, in a sense like butter on milk, though the operation 
of deep-seated causes, definitely dynamic in character. In this con- 
nection some of the relevant dynami(^ ideas are to be found in the closing 
chapters of Clerk Maxwell’s Matter and Motion and appendices by Sir 
Joseph Larmor. Practical benefits will doubtless accrue from the detec- 
tion of particular agencies by piecemeal studies of electrode processes, 
but it is already sufficiently clear, I think, that a general theory of polar- 
isation, of which overpotential is a part only, cannot result from such an 
approach. I should like to suggest that the investigation of the two types 
of cells I have mentioned, along iffie lines indicated, is a matter which is 
worth following up. 

Dr. J. O’M. Bockris [Londori) [communicated) : The use of sealing wax 
and Necol varnish described in Ssdt’s paper seems hardly desirable as it 
is almost certain to introduce some poisoning efiect. Nickel can easily 
be sealed to glass. The use of " Analar " reagents without further 
purification may also lead to the introduction of electrocapillary active 
substances into the solution. 

Mr. P. W. Salt [Swansea) [communicated) : In reply to Mr. Hothersall, 
the codeposition of nickel and hydrogen cannot be discussed with cer- 
tainty on the baeis of data for the s^arate processes, because the extent 
to w'ldch they influence each other is not known. If it is assumed that 
the separate processes are unmodified, the relation between nickel over- 
voltage (yNi) and hydrogen overvoltage (yn) at a given cathode potential, 
V, is given by 

■Eoiri + V:si = w = -Eoh-I- ijo + 
or jBojfi + a + blog I = V = 0'66 pH -f a' -}- b' log J' 

where ijq is the concentration polarisation for hydrogen evolution, anH 
the pH is that of the cathode fihn. The observed overvoltage is not the 
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sum. of the nickel and hydrogen overvoltages. In an electrol3rte of > 4 
and flHi++ = I at 35®, the ^scharge of Ni++ will be preferential to that 
of H+, and hence the cathode potential ■will be determined by 'the ca'thode 
potential — c.d. curve for Ni++ discharge. For /ih < 4 ■the cathode potential 
at low c.d. may be determined by the curve for H+ disc h a r ge. Under 
static conditions the pn, and the [Ni++], at the cathode face will equal 
■that of the bulk solu^tion. The static cathode poten^tial is not requited 
in ■the measurement of hydrogen overvoltage, which is calculated ■wi^th 
respect to "the revermble hjrdrogen electrode. 

In reply to Dr. Bockris, disc Ni electrodes were used to minimise changes 
of ca^tho^ area owing to deposition of Ki, and I ■was unable ■to seal these 
■to glass. Hydrogen overvoltage is particularly sensitive to poisons, yet 
the results of Coates * for W sealed directly into glass are within o-oi-o-02 v. 
of those of Hickling and Salt, who used sealing ■wax. 

Dr. J. 0 *M. Bockris {London) (communicated) : With regard to the 
relation of metal overvoltages (at the interface M*+/M) to the properties 
of M, it seems relevant ■to point out that ■the order of ■the metals arranged 
according to their overvolfages is roughly the converse of ■that accord^ig 
to their hydrogen overvoltages." This would tend ■to indicate an opposite 
relation with the work function of the metal 'to ■that existing for hydrogen 
overvoltage. A simple interpretation of this fact seems to support a 
slow neutralisation theory of metal overvoltage. 

* 7. Chetn. Soc., 1945, 484. 

• Bockris, Nature, 1947, *S9» 539 ; JofW, UsPechi. Ghent., r943, la, 438. 


REACTIONS AT MERCURY CATHODES. 


Bv J. G. Hoogiand. 


Eeceived zoth February, 1947. 


In ■the dectrolysis of sodium chloride ■with a mercury ca^thode no 
h3nlr(gen is evolved but sodium aTna.lg a.Tn is formed. This needs ex- 
planation since ■the reaction 

Naa -h H ,0 — ► NaOH -f JCl, -j- JH, . . (i) 

needs a Tninimum E.M.F. of 2'3 v. whereas the reaction 

Naa — ► Na(Hg) + 10 ,. . . . (2) 

requires 3*2 v. It may be noted ■that these voltages agree -with the heat 
efEects of these reactions, i.e. 52,200 caL and 77,800 cal. resp., or 2*27 
and 3‘37 v., the 1 ^ value requiring a correction of about 3 X 58 mv. 
as the concen^tration of the sodium anmlgam is usually about io~‘m. 
There fo re the difference between the free eneigy and heat ^ect is negligible 
— an assumption one is often forced to make as the ■temperature coefficients 
are sddom known. 

The difference of E.M.F. (o-g v.) be^tween (i) and (2) is named over- 
voltage and is usually explained a-gsnTnfng that mercury (in con^trast 
to such metals as Ft, Fe, Ni) does not catalyse the reacticm 

aH — H. (3) 


Thus, it may be supposed that atomic hydrogen is first formed — either 
according to IF + © — ► H, or, when primarly Na* is discharged, accordh^ 
to Na + H* — ► Na* + H — and that H atoms subsequently combine to 
give molecnlar h3rdrogen. 

Thus the decomposition voltage of reaction (2) should not be compared 
■with that of (1) but ■with 


NaQ + H ,0 — ». 


( 4 ) 


NaOH + ia, + H . 
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As (3) develops a heat of 98.500 cal., reactioa (4) shotild need a supply 
of 101,500 cail, yielding a decomposition voltage of 4-4 v. For a true 
comparison it would be necessary to mtroduce some corrections, but even 
without these, it is clear that the assumption of the primary formation 
of atomic hydrogen may be a sufELcimit explanation of the occurrence of 
reaction (2). 

Qearly, this is no proof of this assumption. Another possible ex- 
planation is the formation of hydrides, or vre may imagine i^t the dis- 
charge of H* ions is hindered in some way at mercury cathodes. The 
supposition of the primary formation of atomic hydrogen, however, has 
the advantage that it explains in an easy manner not only all observed 
phenomena at mercury cathodes but also many of those observed in the 
dissolution of metals in acids. 

Some properties of sodium amalgam which are believed to support 
this theory ^^11 now be discussed. As pointed out above, two reactions 
are possible in the electrolysing of a solution containing Na* ions, vis., 

Na* + e — ». Na{Hg) and H* + © — >- H 

but the second reaction only takes place when a catal]^ for tixe reaction 
2H H, is present. 

Now it is well known that the potential of a sodium fl-Tna-lgaTn electrode in 
such a solution is a reversible one and the same holds for a hydrogen 
electrode at platinised platina. The last phenomenon proves, at least at 
this electrode material, that the discharge of H* ions tak es place in a 
reversible manner. There is no reason to suppose that this should not be 
the case at mercury cathodes and by combining these facta it may be as- 
sumed that the e<^uilibrium 

Na(Hg) -1- H* ^ Na* + H -f Hg . . . (5) 

is set up. 

The following heat efiects are known ; 

Na -f- H ,0 — *■ NaOH -|- JH* -{- 44,200 cal. 

Na -}- Hg — »- Na(Hg) 4- 18,800 cal. 

2H — ► H, 4- 98,500 cal. 

whi^ figures enable us to calculate the heat effect of reaction {5) by 
adding i mol. of OH' ion thus changing it in ; 

Na(Hg) 4 - H ,0 NaOH 4 - H 4- Hg 

It follows that reaction (5) gives a heat effect of 23,600 cal., equivalent to 
a voltage of 1*03 v., in the backward direction. 

However tempting it may be to manipulate these values further, e.g., 
to calculate the pressure of atomic hydrogen in equilibrium with sodium 
a malgam , etc., this can hardly be justifi^. The only conclusion to bo 
drawn is that sodium arualgam should be in equilibrium with atomic 
hydrogen at a low, but with molecular hydrogen at a very hi g h, pressure. 
This was the explanation of a phenomenon which was observed in the 
electrolysis of sodium chloride in mercury cells. 

so-call^ decomposers of these ceUs showed, after some tiine, 
m the ircm, and in cross-section these appeared to contam a com- 
bustible gas ; the ^n crystals wore disrupted at such places, and the pres- 
sure m these cavities murt therefore have reached 4 x io» atm. at which 
press^ inin breaks. Iliis is simply explained by atonodc hydrogen diflfesing 
mto ^ ntm and forming molecular hydrogen at places where there is a 
cataly^ ; the pressure of the thus form^ H, becoming suf&dentlv hieh to 
give nse to these phannTnpfUft , 

These and some other facts, indicating the presence of atomic hydrogen 
ie^ to tlm theory outlined above that sodium amalgam in aqueous solution 
is in eq^bnum with atomic hydrogen. As it is known that oxygen com- 
omes with atomic hydrogen according to 

H 4 - O = 0 4 - H — 


H— O— O—H. 
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One of the conseqnences of this way of representation is that, under 
fovourable conditions, it should be possible to reduce ox3rgen with sodium 
amalgam and form peroxides. 

In view of the reacti\-ity of atomic hydrogen and peroxide, and of 
the observations of Baker ^ who found that H|Oa is reduc^ quantitatively 
by amalgam, it was expected that this reaction would take place with 
great difficult. This was a fajct indeed and only after many vain attempts 
was the formation of peroxides obtained and then, at first, ^vith bad 
yields and at very low concentrations. 

As an example it maybe mentioned that once, when a strip of V2A-steel 
was immersed in mercury to test its suitability as a construction material 
for technical application, the yield of peroxide declined rapidly to zero, and 
it was impossible afterwards to attain reasonable pelds. Neither cleaning 
of the whole apparatus with nitric acid, distillation of the mercury, nor 
claming with a concentrated alkaline solution of HtO| gave any improve- 
ment. Only after renewing the reaction liquid many times were the normal 
3nelds attained. 

Without doubt this hindrance was due to " poisoning " of the mercury 
and the apparatus with a very small quantity of an alloy metal, probably 
chromium, as it is knowm from experience that this metal is an extremely 
active catalyst in the formation of molecular hydrogen. This strongly 
supports the theory that the reduction of oxygen by amalgam takes place 
via atomic h^'drogen. It is improbable that a dire^ reduction of oxygen 
by sodium to peroxide should be so very sensitive to cataljrsts. 

It w'Dald ^ike too long to sum up the whole course of the research 
so that only the results are given, l^e first condition for production of 
HaOa is that the concentration of the amalgam must be very low, of the 
order of 0*0002 % by weight. This concentration can be measured 
electrochemicaUy, e.g., agai^ a zinc rod placed in the liquid. It was 
found that the voltage giving the best yield x-aried with the concentration 
of NaOH, providing that the other conditions were the same. This 
could be escpected from a consideration of reaction (5). We may suppose, 
for a definite concentration of oxygen and speed of stirring, that the 
best yidd will be attained at an equd concentration of atomic hydrogen. 
Now the NaOH concentration influences the voltage of the amalgam in 
two ways, viz., by reason of Na* ion and H* ion concentmtions, but the 
zinc electrode is only influenced by the latter. Exact measurements, 
however, were very difficult to make and therefore this has not been pursued. 

The second fai^r, which is important, is the oxygen concentration ; 
if this is high, it is possible to attain a higher concentration of HaO,, and 
to work with more concentrated amalgams. It may be imagined that 
two competing reactions take place at &e same time, viz., 

O, + 2H — ► H,Oa and H, 0 , + zH — ► zH.O. 

and so theoretically the concentration of HtOj attainable at the same 
yield and at the same H* ion concentration sho^ be proportional to the 
pressure of the oxygen. 

In addition, other important factors are a large surface of contact 
betweoi amalgam and liquid, efficient stirring of amalgam and liquid, 
and an absence of catalysts. Stabilisers for peroxides will obviously 
exert a ^vourable influence. Finally, concentrations up to about 3 % 
and at 3ri(dds of 60 % were obtained with oxygen under normul pressure. 
At higher pressure this concentration could be increased considerably.* 

I wi^ to record my appreciation and my sincere thanks to my Mends, 
Dr. Ir. J. J. de Haas from the Royal Dul^ Salt &ctory and Dr. Ir. J. 
Smittenberg from the Bataafsche Petroleum Maatschappij, who have 

*/. CAmm. Soe„ 1913, 103, so6o. 

* B.P. Application No. 1680 (1946) and U.S.A. Patent, No. 656,770 (cp. also 
the technics pmpazatkm of Na pearbotatel. 
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performed experiments to test the ideas expressed above Vrith so much 
patience and insight. 

It IS hoped that some elucidation of the reactions taking place at a 
mercury cathode has been provided and that the theory, winch explains 
these phenomena in terms of the presence of atomic hydrogen, has been 
strengthened. 

Summary. 

Assuming that the phenomenon of overvoltage at mercury cathodes 
is due to the presence of atomic hydrogen, a theory is developed according 
to which the following equilibrium exists : 

Na(Hg) + H* Xa‘ + H + Hg. 

The results of experimental work undertaken to establish that atoimc 
hydrogen formed in this manner is able to reduce oxygen to peroxide 
have been outlined, which have led to a process for the manufacture 
of peroxide compounds from amalgam and oxygen, suited to techmcal 
production. 

R6sum4. 

Supposant que le suivoltage sur les cathodes de mercure est dh k la 
presence d'hydrogfene atomique. I’auteur d6veloppe une th6orie selon 
laquelle r4quihbre : Na(Hg) + H* *• Na* + H + Hg a heu. Le travail 
experimental, entrepns pour etablir que I’hydrogkne atomique forme 
de cette maniere eat capable de reduire roxygkne en peroxyde, a ete 
esquisse et a conduit k un precede de fabrication de composes perox3rdes 
k partir d'amalgame et d'oxygkne, procedk applicable k une production 
technique. 

Zusammenfassung . 

Ausgehend von der Annahme, dass die Gberspannung an Quecksilber- 
kathoden auf die Gegenwart von atomaren WasserstofE zurflckzufiihren ist, 
wird eine Theoiie entwickelt, derzufolge das folgende Gleichgeivicht sich 
einstellt : 

Na(Hg) + H* Na* + H + Hg. 

Die Resultate der Veisuche, die angestellt warden zum Beweiss, dass der so 
gebildete atomare WasserstofE imstande ist, SauerstoS zum Peroxyd zu 
reduzieren, werden umiissen. Diese Versuche haben zu einen technisch 
durchfdhrbaren Prozess fttr die Herstellimg von Peroxyden aus Amalgam 
und SauerstofE gefhhrt. 


RECENT APPLICATIONS OF CONTROLLED 
POTENTIAL ELECTROLYSIS. 

Bv Jambs J. Lingame. 

Received yih February, 1947. 

In applications of electrolysis for either anal3^cal or preparative 
purposes the prime &ctor which ought to be controlled is the potential 
of the working electrode, since this determines the intensity of the reducing 
or oxidising effect, and yet the extensive literature in the field re\'eals that 
the principle is aU too seldom appreciated and utilised. For example, 
the classical investigations of Sand,^ Fischer,* Lassieur,* and others whose 

1 Sand, Electrochemistry and Electrochemical Analysis (Blackie and Son, Ltd., 
London and Glasgow, 1940), Vol. II. 

• Fischer. Z. angew. Chem., 1907, 20, 134 ; Z. Elektrochem., 1907, 13, 469. 

* Lassieur, Electroanalyse Rapide (Paris, 1923). 
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work has been reviewed by B6ttger,‘ have amply demonstrated the great 
utility of the controlled potenti^ technique in electrogravimetric deter- 
minations of metals, and yet such procedures are scarcely mentioned in 
most texts and reference books of analytical chemistry and electro- 
chemistry. That these methods have not attained recognition com- 
mensurate with their merit is w'eU illustrated by the fact that the requisite 
apparatus has never appeared on the market in the United States, and 
anal3d3cal electrolysis apparatus purchasable to-day, although con- 
siderably more elegant in appearance, is functionally identical with that 
avadabie fifty years ago. 

The chief reason for the lack of mithusiasm for controlled potential 
methods has doubtless been that the classical manually operated circuits 
are tedious to operate and require constant supervision during a deter- 
mination. This objection is no longer valid, because Hickling,* Caldwell, 
Parker and Diehl,* and Ungane,* have recently described circuits which 
automatically perform the fimction of TnaintaiTiing the potential of a work- 
ing electrode constant at any predetermined \^ue, and thus require no 
al^ntion, during the entire course of an electrol3^. With such an 
apparatus, for which Hickhng coined the name " potentiostat,” the 
performance of electrogra\'imetric determinations is just as convenient 
eis by the much less selei^ve “ constant current *’ methods. Furthermore, 
by employing the polarographic method with the dropping mercury 
electrode, or with solid microelectrodes, as a pilot technique to establi^ 
optimum electrolysis conditions, \'arious other analytical possibilities 
inherent in automatic controlled potential electrolysis may be exploited 
advantageously. This paper describes some illustrative applications of 
such techniques that have been made in the author's laboratory during 
the past few years. 


Electrical Apparatus. 

The potentiostat described by Hickling * employs vacuum tubes as 
control elements and thus has the advantage of being completely electronic 
without moving mechanical parts, but the electrolysis current is limited 
to that (0-3 amp.) passed by the control tubes. Tlie drcuit of Caldw^, 
Parker, and Diehl * is applicable with large currents ; however, it controls 
in only one direction, i.e., it prevents the cathode potential from becoming 
more n^^tive than a p^etermined value during the course of electro- 
lysis but it does not correct a positive drift. The apparatus devised by 
^ author ’’ controls in both dire^ons, it is applicable with applied voltages 
and currents of any magnitude, its component parts are r^tively easy 
to assemble, and it does not require preliininary calibration. The essentM 
futures of the circuit are shown in Fig. i. 

The total voltage applied to the cell is controlled by the 100 w., 30 Q 
radio potentiometer rheostat R^, which is rotated at 0*2 r.p.m. by the 
reversible motor hL The total applied e.m.f. is indicated by the volt- 
meter Vi, and the multiple range ammeter A measures the electrol]^ 
cnrrent. The control circuit comprises a saturated calomel reference 
electiode S.C.E. (or any other suitable reference electrode) connected 
to the electrolysis ceU. by a salt bridge, a 100 Q radio potentiometer 
ihe(^tat R, powered by a 1*5 v. dry cell and set to the e.m.f. which it is 
desired to maintain l^tween the working electrode and the reference 
electrode, a voltmeter Vg which indicates the control potential, and a 
galvanometer relay G (Weston Electric Instrument Co., Model 30). Off- 
balance in the control circuit causes the galvanometer relay to make 

*B6ttger, P^sikalishe Mefhoien der Analytischen Chemis (Akad. Verlags- 
gesallscliafi; 2936), 11. 

« HicUing, IVoHs. Faraday Soc., ig^, 27. 

• Caldwell, Parker, and Diehl, Iitd. Mng, Chem. lAnal.), 1944, 16, 532. 

» Lingane, iUd., 1945, 17, 332. 
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contact either right or left and opiate one of the electronic rela}^ 
which control motor M. The motor then rotates Ri at 0-2 r.p.m. ^til 
the total e.m.f. applied to the cell is increased or decreased by rach an 
amount that the cathode potential returns to the value set on Rj, and 
thus the control circuit is restored to balance and the motor stops. 
Mechanical connection be- /o-/j v 


tween the motor and Ri 
is made by a belt drive 
which has tiie advantage of 
serving as a simple friction 
clutch so that Ri can be 
moved manually if desired. 
The of req>onse be- 

tween the instant when the 
galvanometer relay makes 
contact and rhe(»tat 
begins to move is only a 
few tenths of a second. 
The sensitivity of the in- 
strument depends on the 
sensitivity of the galvano- 
meter r^y and the re- 
sistance in the control 
circuit ; the Weston Model 
30 galvanometer relay re- 
sponds to X5 and 

since the resistance in the 
control circuit (chiefly in 
the salt bridge between the 
reference electrode and cell) 
need not exceed 1000 Q, a 
sensitivity of ± 0‘0i3 v. is 
easily attained. T^ is 



Fig. I. — Potentiostat for controlled potential 
electrolysis [fnd. Eng. Chem. {Anal. Ed.), 

1945. 17. 332). 


ample for the great majority 

of applications of controlled potential electrolysis. For complete details 
of the circuit the original paper ’ should be coiWlted. 


Combination of Controlled Potential Electrolytic Separations 
and Polarographlc Analysis. 

In practical applications of polarography * to the analysis of alloys 
it is sometimes possible by proper ch^e of supporting electrolyte and 
the judicious use of complex-forming reagents to adjust the h^-wave 
potential of the metal bmng determined to a value more positive than 
the half-wave potentials of the other metals prraent, and when this con- 
dition is satisfied it is not necessary to cany out preliminaxy separations. 
On the other hand, when the metal being drtennined has a foirly negative 
half-wave potential (e.g., Cd, Zn, etc.) and the solution contains large 
amounts of more easily reducible metal ions (e.g., Cu, Pb, Bi, etc.) it fre- 
quently is not possible to eliminate interferences merely by the choice 
of supporting electrolyte. In such cases preliminary separations are 
requir^, and control!^ potential electrol}^ can serve as a convenient 
and generally applicable means of removing the interfering metals. 

In contrast to precipitation methods, electrolytic separations do not 
require the introduction of large amounte of extraneous reagents, which 
may complicate subsequent pohu:c^;rapMc anal]rses, possible loss of minor 
constituents by coprecipitation is avoided, and when a potentii^tat is 

*K 61 thoS and Lingane, Polarographic Analysis and Voitiammeiry. Ampsro- 
metric TitraHons (Intersdence Publishers. Inc., New York, 1946). 
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employed separations require very little of the operator’s time. It is 
ad\'antageous to use a mercury cathode, rather th^ platinum, in order 
to capitalise on the fact that polarogffams conveniently obtained with 
the dropping mercury electrode funush all the required information con- 
cerning cathode potential and solution composition for a given separation, 
so that the feasibility' of a proposed separation can be ascertained quickly 
with a TnininiiTm amount of laborious trial-and-error experimentation. 

A systematic procedure for the analysis of solutions of the copper 
group metals, recentlv described in a paper from this laboratory,* furnishes 
a good example of the utility of controlled potential electrolytic separations 
with a mercury cathode prior to polarographic analysis. As shown in 
Fig. 2, polarograms of solutions containing Cu, Bi, Pb, and Cd, in a 
tartrate supporting electrolyte of pn between 3*6 and 5*5 show well separ- 
ated waves of all four metals. At the optimum />h of 4’5 (curve h) all 
four metals can be determined simultaneously from a single polarogram 



Fig. 2. — Polarograms of copper group metals in 
tartrate solutions of various Concentra- 
tion of each metal approximately 0*8 milli- 
molar, total concentration of sodium tartrate 
and sodium hydrogen tartrate 0*5 m., and 
the values were (a) 5*5, (6) 4‘5, (c) 4*1, 
and (d) 3*6. 



Fig. 3. — Cell for electro- 
lytic separations at 
controlled potential 
with a mercury 
cathode. 


provided that they are present at about the same concentration. If the 
concentrations increase in the order Cn, Bi, Pb, and Cd, it is also possible 
to obtain a complete analv'sis of the group simply by recording four polaro- 
grams at successi\'ely increased galvanometer sensitivities, so that each 
wave in turn is magnified to a value large enough for accurate measure- 
ment of its diffusion current. However, when one of the more easily 
reducible members of the group predominates, so that its wave masks 
those of the more difiicultiy reducible minor constituents, preliminary 
removal of the interfexing metal is necessary. 

The cell used * for the separations is shown in Fig. 3 ; it has a capacity 
of about 73 cc. and the area of the mercury' pool cathode is about 10 cm.* 
The mercury-solution interface is kept in rapid motion by the motor- 
driven glass propeller, A ^ver wire wrapped on the stirrer shaft serves 
as anode ; a platinum anode is undesirable because it introduces hyrdrogen 
ion into the solution and changes its />b, and also because Bi ten^ to be 
oxidised and precipitated as pentoxide on a plathmm anode. The 
tip of the salt bridge from the saturated calom^ reference electrode is 

'Ungane, Jni. Eng. Chmn. {Anal.), 1944, 16, 147. 
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placed very close to the electrode surface to minimise the amount of ohmic 
potential drop included in the apparent cathode potential. In separations 
at controlled potential the current is a reliable criterion of the progress 
of the electrolysis ; it usually decreases exponentially with time and, 
especially with the mercury cathode, &dls to a very small constant value 
when the electrolysis is complete. The time required is usually 30 to 45 
minutes. 


For separating the copper group metals the best supporting electrol}rte 
is one containing 0-4 m. sodium tartrate, 0*1 m. sodium hydrogen tartrate, 
and 0*1 M. NaCl (to famish chloride ion for the reaction at the silver anode), 
with a pB. of about 4*5. In this supporting electrol3rte the half-wave 
potentials are Cu —0*09 v., Bi —0*23 v., Pb —0*48 v., and Cd —0-64 v. 
against the saturated calo- 
mel electrode.' The opti- 
mum potential for a given 
separation is slightly be- g* 
yond the half-wave poten- S 
tial of the metal to be a' 
deposited but well beloAv S 
the begmning of the wave S 
of the metal to be left in o 
solution. From cuive b ” 
in Fig. 2 the predicted 
optimum potentuJs are : ^ 

Cu-Bi, —0*15 V., Bi-Pb, 

—0*37 V., and Pb-Cd, 



—0*55 V., with a permissible 
variation of about ±0*03 v. 
in each case. The ^t 
that in every instance 
satisfactory separations 
resulted when these poten- 
tials were employed demon- 
strates the rdiabdity of the 
polarographic method as a 
pilot technique. 

The polarograms in 
Fig. 4 were obtained in a 
typical experiment with a 
solution t^t contained a 
large amount of Bi and 
small amounts of Cu, Pb, 
and Cd.' Curve a was 


Ed.0. — S.C.E., volts. 

Fig. 4. — Polarographic analysis of the cojpper 
gmup with the aid of electrolytic separations 
in a case where Bi predominates, (a) Original 
solution containing i'04 millimolar Cu ,10*07 
milliTnolar Bi, 0*400 millimolar Pb, and 0*465 
millimolar Cd, in tartrate supporting electro- 
lyte of pB 4*5 . Galvanometer sensitivity 1*70 
/la./mm. (b) Polarogram of aolntion. a re- 
peated with g^vanometer sensitivity increased 
to o*o68o /ia./mm. (c) Solution remaining 
after rmnoval of Bi (and Cn) by electrolysis 
with the mercury cathode at — 0*37 v. 
Galvanometer sensitivity 0*0680 fia./mm. 
(d) Comparison solution containii^ Ba.Tn« 
concentrations of Pb and Cd as the original 
solution. Galvanometer sensitivity o*o68o 

fiSL.jmm. 


recorded with the original 

solution. Since the copper wave is well in advance of that of bismuth, the 
copper can be determined easily by recordiug a second polarogram at an in- 
creased sensitivity of the recording galvanometer, as shown 1^ curve h, but 
the small waves of Pb and Cd in curve a are completely masked by the large 
bismuth wave. Curve c was obtained after t^ Bi (and Cu) had bera 
removed by electrolysis with the mercury cathode at — 0*37 v. Curve d 
is the polygram of a comparison solution containing the same con- 
centrations of Pb and Cd eis tiie original solution. Comparison of curves 
c and d shows that no detectable amounts of Pb or Cd were lost during the 
removal of Bi. Equally good separations were obtained with solutions 
in which Cu and Pb pr^ominated.' 

Several may be successively separated from the same solution 

without removing it from the electrolysis cell ; after each separation a 
small sample is t^en with a pipette and polarographed. 

The writer has also used a platinum cathode for controlled potential sep- 
arations in connection with tlm polarographic determination of Fb, Sn, Ni, 
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and Zn in copper-base aJloys.^^ Two samples were used ; from one of 
these Cu was removed prior to the polarographic determination of Pb 
and Sn, and from the other Cu, Pb, and Sn were removed prior to the 
determination of Ni and Zn. The separations were made from a dilute 
(0*5 M.) HCl solution ; Cu was remov^ at — 0-35 v., and Cu, Pb, and Sn 
at — 0*70 V. against the S.C.E. Very satis&ctory results were obtained. 

Electrolytic Preparations. 

Preparative electrochemistry, particularly of organic compounds, 
ofters one of the most fruitful fields for the application of controlled po- 
tential electrolysis. The recent work of Lin^ne, Swain, and Fields 
on the selective reduction of 9- (o-iodophenyl) -acridine to 9-(o-iodophenyl)- 
dihydroacridine according to 


-f* 2H‘*‘ -j- 2g ■ ► 

I. IL 

furnishes a good example of the practical utility of the method, and the 
selectivity t^t can be obtained in reductions at the mercury cathode. 

The problem was approached by first 8tud3riag the polarographic 
characteristics of iodophen^d-acridine m many different supporting eledxo- 
lytes. It was finally found that o-iodophenyl-acridine pj^uces a double 
polarographic wave in a supporting electrolyte composed of 0‘X m. KOH, 
and 0*5 m. potassium acetate in 90 % ethanol as shown in Fig. 5.^^ The 
first wave corresponds to the above reaction, and the second to the re- 
dnction of the iodine in compound 11 to form dihydrophenylacridine. 
The half-wave potentials of the two waves are — 1-32 v. and — I’fia v. 
against S.C.E. 

With this polarographic information as a guide, preparative experi- 
muents were then carried out with the cdl shown in Fig. 6. The area of 
the mercury cathode in the left-hand compartment was 68 cm.*, and a 
pool of mercoiy in the right-hand compartment serv'ed as anode. A 
sintered glass (ffsc D fused into the cross arm prevents mixing of the 
cathol3d;e and anol3rte. Both compartments confoined the aamft alkaline 
supporting electrolyte (0*1 m. KOH and 0*5 m. potassium acetate in 90 % 
ethanol), and the cath^yte was freed from air with a stream of nitrogen 
since compound II is easily air-oxidised. The preparative reductions 
were made with, the potential of the mercury cathode at ~ 1*36 to — i’39 v. 
against S.C.E., a v^ue well below the hs^-wa^'e potential of the second 
polarographic wave. After complete reduction, compound 11 was re- 
covered fix>m the catholyte by fluting with water and extracting with. 
chlGrofimn in an atmosphere of nitrogen. 

In several mcperiments in which 0*8 g. quantities of compound 1 were 
reduced, comport II was obtained in a high degree of purity with an 
average yield of 90 % ; the 10 % loss was attributed to incomplete ex- 
tractian rather than incomplete x^uctian.^^ 

This constitutes a good test case because it presents about as many 

^lingane, Ind. Eng. Chnn. {Aned^^ 1946, i8» 409. 

** Lingane. Swain, and Fields, J, Amer. Chem. Soe., X943. 65, 1348. 
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difficnlties as one is likely to meet 
in water, necessitating the nse of 
large proportion of 
non-aqueoos solvent, 
compound II is very 
sen^ve to air-oxid£^ 
tion, or to anodic 
oxi(^tion unless a dia> 
phiagm cell is em- 
ploy^ and there is 
only a difference of 
0’3 V. between the two 
stages of reduction. 

Before polatographic 
information was ob- 
tained, all chemical 
reducing agents that 
were tried either did 
not effect reduction of 
I or else led to the 
imdesired complete re- 
duction of II with 
elimination of iodine. 


; compound I is only slightly soluble 
a supporting electrol3rte containing a 



— i‘i — 


— 1-9 


An- 


1-3 - 1*5 - 1*7 

Ed.e. — S.C.E., volts. 

Fig. 5. — Current-voltage curve, obtained with the 
dropping mercury electrode, of a solution contain- 
ing 2*22 miTliinolar o-iodophenylacridine in 0*1 M. 
KOH and 0*5 k. potassium acetate in go % ethanol. 
Curve 1 is the residual current curve of the 
supporting dectrolyte alone. 


Coulometric 
alysis. 

This new electro- 
anal3rtical method is 
based cm the measnre- 
ment of the quantity 

of electricity passed during the complete reaction at an electrode of the 
substance bei^ determined. The first analytical applications of thia 

principle appear to have 
been made by Szebelledy 
and Somogyi.** These 
investigators employed 
coTtstant currefU elec- 
trol3rsis with platinum 
electrodes, and electro- 
lysed until a suitable in- 
dicator in the solution 
signalled completion of 
tlm desired reaction, at 
which point the dicnit 
was interrupted and the 
quantity of electricity 
passed determined by 
means of a silver weight 
coulometer in series with 
the celL The method of 
Szebelledy and Somogyi 
is capable of high pre- 
cision, but since the 
electrode potentials are 
not controUed it is limited 

to cases where only one electrode reaction is possible. 

The first coulometric e3q)eiiment3 by controlled potential electrolysis 

“ Szebelledy and Somogyi, Z. attaJ. Chem., 1938, iia, 313, 323, 332, 385, 391, 
395. 
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are those of Hickling,” who demonstrated by measurement with a hydrogen 
coulometer ihat loo % current efficiency can be obtained diiring the 
reduction of cupric ion, and the oxidation of iodide ion, at platinum 
electrodes. 

Because of the easy reduction of hydrogen ion on platinum, which 
limits the use of platinum cathodes to the determination of substances 
of fairly high oxidation potential, the writer recently developed a method 
of coulometric emalj'sis using a mercury cathode at contxoll^ potential.^* 
The use of a mercury cathode also enables one to predict optimum electro- 
13^ conditions from the known polarogiaphic 
characteristics of the substance being determine. 

The cell employed for coulometric anal]^ is 
very similar to tiiat in Fig. 3, except that a larger 
(area ca. 80 cm.*) silver Avire anode is used, and 
provision is made for removing dissolve air from 
the solution with an inert gas. Removal of air is 
necessary because dissolved ox^en is reduced at a 
mercury cathode at potentials more negative than 
about — 0*1 V. against the S.C.E. ; ® for the same 
ill L-.J r J reason a platinum anode cannot be used. The 
I - _ J. ' . quantity of electricity passed is conveniently meas- 

ured by means of a hydrogen-oxygen coulometer of 

a the type shown in Fig. 7, which has the advantage 

r of being direct reading and furnishes a continuous 
L indication of the progress of the electrolysis. In 
^ ' agreement with Lehfeldt,^* the writer found that 
the hydrogen-oxygen coulometer is an accurate in- 
strument ( ± O'l % or better) provided that pure Na 
or K sulphate solution, rather than the commonly 
recommended NaOH or H,SO«, is used as electrolyte. 

To prepare for a coffiometric determination a 
known vcdume (e.g., loo cc.) of the supporting 
electrolyte alone is placed in t)^ cell, air is removed 
with hydrogen or nitrogmx, the potential of the 
mercury cathode is adjusted by the automatic 
potentiostat to the value to be used in the deter- 
mination, and electrolysis is allowed to proceed for 
about 10 min, until traces of reducible impurities 
are removed and the current foils to a very small 
value (usually less than x ma.). The coulometer 
reading is then taken, and, without interrupting 
the circuit, a known volume (e.g. 10 to 50 cc.) of a 
solution of the substance to be determined is pipetted 
into the cell. The electrolysis is then allowed to 
continue under automatic control until the decrease 
of the current to its original \'ery small value 
indicates complete reduction. The amount of sub- 
stance reduced is calculated by the usual relations from the coulometer 
reading. Complete details are given in the original paper.^* 

Table 1 summaiises results obtained in the coulometric determination 
of various quantities of Cu and Bi from acidic tartrate solutions (/>B = ca. 
4*5), and of Fb foom 0*5 m. KCl. The concentrations of the metal ions 
rallied from about i to 20 millimolar. 

The accuracy of the method compares favourably with that of ordinary 
diecixc^ravimetTic determinations. The average error in terms of milli- 
equivalents ( ± 0‘0i) is the same for all three mefol ions, and it corresponds 
to ± 0*17 cc. in the coulometer reading. 

Xiogane, J. Amer, Chem, Soe., 1945, <87, t9i6. 

**Lel&ldt, PhU. Mag., xgoS, (6), 15^ 614. 




Fig. 7.— Hydrogen- 
oxygen coulometer for 
couloinetEic analysis. 
The voluine of hy- 
drogen-oxygen evolv^ 
from the platinum 
electrodes in the 
central, water-jadceted 
tube is measoxed in 
terms of the volume of 
electrolyte displaced 
into adjoining 

buret. 
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When the electrode reactions proceed with thermodynamic reversi- 
bihty it is possible to achieve a high degree of selectivity in coulometric 
a.Tin.1 ysis with the mercury cathode. For example the half-wave potentials 
in the reversible reduction of Pb and Cd ions from 0-5 m. KCl (— 0-42 
and — 0*62 V. against S.C.E.) differ by only 0-2 v., and yet, by electro- 
lysmg with the potential of the mercury cathode at —0*50 ± 0-02 v., 
it was possible to determine Pb in the presence of both larger and smaller 
quantities of Cd with the same accuracy as in the absence of Cd.^* When 
the various reduction potentials differ sufficiently it should be feasible 
to successively determine several metals from the same solution by the 
conlometiic method, and this possibility is being investigated. 

In these experiments the current was found to obey the relation 

i = *0 io-«, 

where i is the current at time t, and is the initial current at the start 
of the electrolysis. With the particular cell used, »o ranged from about 
30 to 300 ma. depending on the concentration of metal ion, and the current 
usually decreased to less than 
I ma. after 40 to 60 min. The 
constant k i\as found to be 
independent of the nature and 
concentration of the substance 
reduced, but it does depend on 
the geometry of the cell, the 
area of the mercury cathode, 
temperature, stiiring rate, and 
similar factors. The exponen- 
tial relation between current 
and time, which shows that 
complete reduction is only 
approached asymptotically, appears to be the chief factor which limits the 
accuracy of coulometric determinations. 

Coulometric Determinatloii of Polar ographlc Reduction States. 

Although the Ilkovic equation ' can often be used to decide the re- 
duction states correspondii^ to polarographic waves observed with the 
dropping electrode, this method becomes increasingly uncertain, and 
usuaUy fails entirely, when the number of electrons per molar unit of 
reduction is large, because of the general kmk of sufficiently accurate 
diffusion coefficient data. In such cases the coulometric technique with 
the mercury cathode may serve advantageously. 

The reduction of picric acid, recently described by the writer,^* fur- 
nishes a good illustration. From oa m. HCl as supporting electrolyte 
the reduction of picric acid produces a well developed polarographic 
diffusion current between — o-6 and — 1*5 v. against S.C.E. The imusu- 
ally large value of the diffusion current constant = 27*0 /la./ 

millimolar/ing.|/sec.i at 25®) shows that a large number of electrons is 
involved in reduction, but the exact numl^ cannot be deduced by 
appUcation of the Ilkovic equation because the diffusion coefficient of 
picric acid under these conditions is not known. 

When 0-0399 millimole of picric acid in 100 cc. of o-i m. HCl was sub- 
jected to coulometric reduction, with the potential of the mercury cathode 
at -- 0-65 V., complete reduction to a perfectly colourless solution was 
obtained after 65 min., and the volume of hydrogen-oxygen evolved in 
the coulometer was 12-70 cc. (N.T.P.), corresponffing to o-68i m.equ.^* 
Hence the number of cdectrons per mole is 0-681/0-0399 = 17-07, or 17 
instead of the 18 electrons expect for complete reduction of the three 
nitro groups to tdaminophenol. Therefore, it appears that reduction 


TABLE I. — CouLOMXTRic Determina- 
tion OF Copper, Bismuth, and Lead. 


lilstaL 

Quantity 

mg. 

Sofatka 

Vohuna 

cc. 

AvengB Btior. 

/ 

mg'. 

\ 

milliaqiil^. 

Cu 

6-74 

50 

± 0*3 

± 0-009 

Bi 

13-105 

50 

± 0*7 

± O-OIO 

Pb 

41-207 

100 

± 0*9 

± 0-009 
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under these conditions yields di-{4-hydro3cy-3,5-diaminophenyl)-h3rdrazine 
according to the equation 


OH 

OjNXnO, 


kV 


+ 34« + 34H+ 


NH, NH, 

ho/^Xnh— nh/ \ai 

fTHT 


•H+24H,0 


Summary. 

A relatively simple potentiostat for automatically maintaining the 
potential of a working electrode constant during electrolysis is described. 
Several recent applications of controlled potential electrolysis, particularly 
with mercury cathodes, are discussed, including separation of metals 
prior to polarographic analysis, electrolytic preparation of organic com- 
pounds, coulometric analysis, and the determination of oxidation states 
that correspond to polarographic waves observed in complicated reactions 
at the dropping mercury electrode. 

Rtettm4. 

On d4crit ici un stabilisateur de potential rdativemeat simple, qui 
maintient constant le potential d'une dlectrode pendant TSlectrolyse. 
On discute plusieurs applications r4centes d*41ediol37ses k potentiel 
contidl^, particuli^rement avec des cathodes de mercure, comprenant : 
la 84paration pr 6 alable de m 6 taux pour une analyse polarographique, la 
preparation eiectrolytique de compo^ organiques, l'anaL 3 rae coulometrique 
et determination d'etats d’oxydation qui correspondent des ondes 
polarographiques, observees pour des reactions compliquees k I'eiectrode 
k goutte de mercure. 


Zusammenfassung, 

Ein verfaftltnisin&ssig einfacher Potentiostat, der automatisch das 
Potential einer Elektrode w&hrend ihrer Bentitzung in Elektrolyse konstant 
hilt, wird beschiieben. Einige neuere Anwendungen der Elektrolyse 
mit kontrolliertem Potential — ^besonders mit Qnecksilberkathoden — 
werden besprochen, damnter die Absondenmg von Metallen vor Durch- 
f&hrung einer polarographischen Analyse, die elektrolytische Darstellung 
organischer Substanzen, coulometiische Analyse und die Identihzierung 
der Oxydationszustftnde, die den polarographischen Wdlen von kom- 
plizierten Reaktionen an der Quecksilbertrop^ektrode entsprechen. 

Deparhnent of Chemistry, 

Harvard University, 

Cambridge 38 , Massachusetts, U.S.A. 


RETARDED ELECTRODEPOSITION OF METALS 
STUDIED OSCILLOGRAPHICALLY WITH MER- 
CURY CAPILLARY ELECTRODES. 

By J. Heyrovsk^’ 

Received i^th February, 1947 

The processes which occur in the dectrodeposition of metals may be 
convodently studied by means of the cathode-ray oscillograi^ whra a 
mer cury capOlary-electiude is polansed with an altematL^ voltage 
The pot^tial-time curve (« — or its derivative, the dv/df — t curve. 
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inform us of the reversibility and rate of the electrode processes involved, 
during very short periods of time of o-i to o-ooi sec. 


The Experimental Arrangement 

The set-up has already been described ‘ and is shown in Fig. 1. A is 
the source of the periodic impulses, R a large variable resistance (up to 
1 MX 3 .), M is the mercu^ cell and E, a source of constant voltage. The key 
K may be connected either to B to obtain the potential-time curves on the 




oscilloscope, or to D for the derivative curves. A resistance r and con- 
denser C are connected in parallel with the mercury cell. As th e source 
of altematmg voltage either the main supply of 50 c.p.s. was used or a 
rectangular voltage, giving short constant-current impulses periodically 
changmg m direction. The electronic tube generator for the rectangular 
voltage was constructed by Forejt. 

The advantages of usmg the constant current over the sine-wave 
current axe : (i) the constancy of ilie impulse allows simple Tnath^ma ti c aT 
calculation of the ensuing curves ; {2) if dilute electrolytes are used in the 



cell or large current impulses are necessary, the drop of potential, i .p, 
across the cell distorts the potential-time curve a (Fig. 2) into b (when naing 
the sme-wave current), and only shifts the oatbodio branch verticallv 
against the anodic branch by a constant value zip if the constant current, 
*, is applied (curve c). 

When concentrated solntions of ^ectrolytes are used, the differe uc e in 
shape between the potential-time curves obtained with the sine-wave 
and the rec t a ng ula r altematmg voltage are hardly An 

oscillograph. Philips type G.M.3156, was used. Oscillograms were 
with exposures of 1 /as sec., when two periods are synchrcnrised on the screen. 


1 Heyrovsky, Chem. Listy, 1941, 35, 155 ; Polarograpbie (Springer, Vienna, 
1941). p- * 34 - Heyiovsk^ and Forejt, Z. physik. CJum., 1943. 193, 77. 
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The Potential-Time Curves. 

If we add to the electrcklj^e solutioa a small amount of a depolatiser 
(say a lead salt), which causes electrolysis at a potential lying within those 
of the chief depolarising processes (i.e., between o and — 2 v.), a kink is 
caused at the potential at which this depolarisation takes place (Fig. 3, 
where the doted line marka the curve before the admixture). The time- 
lag at this potential ( — 0-5 v.) depends on the concentration of the de- 
polariser, as has been shown pre\'iously.^ Since the cathodic kink is due 
to the electro-deposition of the depolariser, e.g., to the process 

Pb''^ + Pb, 

and the anodic ki-nV to the reverse process, i.e., Pb ->• Pb++ + 2e, the 




two potentials should be identical. This is shown in all solutions of Pbn, 
and also in those in which Pb-^+ ions form complexes, e.g. in citrates, 
tartrates, cyanides and alkaline solutions of plumbite, and similarly in all 
solutions with T 1 +, K+, Na+, Cd++, Sn++. We may characterise their 
depolarising effects as ‘ ‘ oscillographically reversible ’ SimilaT reversibility 
is encounto^ in partial reductions and oxidations of cations requiring the 
transfer of one electron, e.g. Cu++ Cu"*", Cu+ ^ Cu, Fe+++ 5* Fe++, 
Cr+++ Cr++. IJVi ^ Ijv, etc. 

Howe^r, a strikingly asymmetric potential-time ciuwe is shown in zinc 
solutions : thus a neutr^, acid, ammoniacal or alkaline solution containing 





Zn++ ions gives a curve of the type shown in Fig. 4. The kink due to the 
cathodic depolarisation is sever^ tenths of a v^t more negative than the 
anodic kink. In a n. (NH4), SO4, N. NH, solution with 0*002 n. Zn++, 
the cathodic potential lies at — 1*46 v. and the anodic at — 0*87 v. When 
the solutions are warmed up to 90° c., the depolarising potentials come 
nearer together ; also when the frequency of the alternating current is 
lowered from 30 to xo c.p.s., the two potentials approach each other, but 
in no case are they equm. hln^i and Cr^ behave similarly in neutral or 
amTOOTiianal solutions. A still largm: asymmetry is shown in all solutions 
of Fe^, Ni and Co ; their curves are ^own in Fig. 5. No distinct kink is 
observable in the anodic branch of these curves. 

* Heyrovsh^, OesUrr, Cham. Ztg., 1947. 4 ^# 34: Cham. Lisfy, 1946, 40, 61. 
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There is, furthermore, a group of ions, including In-*-*^, Bi+++, Sb+++, 
•which show in solutions of "the anions SO*", NO,', CIO*', OH', tartrates, 
citrates, a marked oscillographic irreversibility, but, in excess of chlorides, 
a good oscillographic reversibility and an increased rate of electro-deposi- 
tion. This change is especially marked in -the case of indium solutions 



(Fjg. 6). In this group warming-up makes the cathodic kinks sharper, 
but does not bring the two depolarisation potentials closer together. 

The Derivative Curves. 

These are obtained when ■the key K (Fig. i) is connected 'to D. A con- 
denser of the capaciti' c' = 0-03 /4F is thus joined in parallel to the electro- 
h^c cell, the capillary elective of which has a much larger capacity 
e’(o-3 ftF). The side resistance r is 1000 ohm. Then the potential ir of 
the dropping electrode is practically equal to that of -the parallel condenser. 
Denoting the charges of the condensers by Q and Q' respectively, we have 


Since 


we have 


= and 

c cf 


dnjdt 


and 


d/ 


cdt c' dt’ 





Hence 'the current i'«, passing through the side condenser and -through the 
resistance r, is shown by the vertical de- 
flexion of the oscilloscope and gi-v^ the 
derivative curve {dir/dt — /) as a function 
of the -time.* The derivative dvfdt thus 
indicates at any instant -the current 
charging the capillary electrode ; it also 
sho-ws the electrolytic current. This is 
seen most easily when applying the 
rectangular voltage, in which case the 
current, passing -the electrolytic cell (if the 
capacity c' of the side condensm: is 
negligible compared to c) is constant, viz. 
i »= E/R. Thia current, however, is the 
sum of the capacity ((fluwging) current, 
and the electrolytic current, ijp, or -J- is 
= i. Thus any decrease of means an in- 
crease of the eiectiolytic current, ig. The 
same is the case wh^ using the sine-wave 
current. Fig. 7 illustrates this relationship. 



The Streaming Electrode. 

Since -the charging current changes considerably during the growth of 
the drop, no quantiiative measurements are possible from osdUographic 

* Heyrovsk^, Sorm and Forejt, Coll. CxecA. Chem. Com., 1947, is, xi. 
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figures giving derivative corves. To obtain steady oscillograms a streaming 
electrode had to be introduced. Its latest form is shown in Fig. 8.* An 
A-shaped vessel contains in one arm the capillary (of ca. O'X mm. iimer 
diam. at the tip), which directs ttie jet of mercury into the other arm, 
through which it comes down to the iron crucible ; this is filled up to a side 
hole with mercury. A certain volume, say i8 cc., of the electrol3rte solution 
is poured into the vessel through the lower side tube keeping a constant 
le^l, so that the mercury jet has a constant length of some 4 to 6 mm. 
The side tube allows an mert gas (usually nitrogen) to pass through the 
solution to free it from atmospheric oxygen. A reservoir with mercury is 
attached by Tneans of a rubber tube to the capillary and is kept at a height 
of ea. 50 cm. above the tip. Under this pressure the mercury streams out 

with a velocity of about 
100 cm. per sec. If the 
length of the electrode is 
3 mm. and the frequency of 
the altematiug current 50, 
the mercury jet is renewed 
four times during one cycle. 
The amount of mercury 
flowing out per hour is about 
I kg. The oscillogTams ob- 
tained with the streaming 
electrode are perfectly 
steady and well reprodu<> 
ible, provided the same 
volume of the solution is 
used. 

For the potential-time 
curves the slowly-dropping 
eLectrode suffices, since its 
potential is not dependent 
on the growth of the suxffice. 
However, the capadty of 
the mercury drop changes 
abruptly as the drop fidls 
ofl this causes a sudden 
change of the oscillographic figure, which, however, does not disturb the 
obserWtion. 

The Use of the Derivative Curve. 

Derivati\'e curves are used ior quantitative determinations of the rates 
of electro-deposition. As an example, let us compare the curves due to 
ions on one side and Fb++ on other, using k. nitric acid as the in- 
difiexent electrolyte (Fig. 9). Curve a shows the cathodic branch of the 
potential-time curve due to o*ooi n. Cu^h-, b that due to o*ooi n. Pb-H-, 
at room temperature. We observe that the diflerence of the (dotted) 
caxvtf due to the pure electrolyte, is much more marked in the deposition of 
lead. Coxrespon^^y the derivative curve also marks a much deeper 
*' cut-in in Uie case of lead than when copper is deposited (curves of and 
Beariug in mind that any decr^ise of the charging current caused by 
the additira of the depolariser means the appearance of the dectrol3rtic 
current due to the electro-deposition of this depolariser, we regard the 
hatched areas in figures a* and b* as proportional to the number of coulombs 
necessary to deposit the Cu++ or ions. Thus the areas limited by 
the times t and are a measure of the rate of electro-deposition of the 
m eta ls .* This rate is several times greater for the Pb++ thw for the Cu++ 

* Heyiovsk^, Chsm. Listy, 1946, 40, 222. 

* HeyxDvsk^, 229. 
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ions in solutions of nitrates. Ho'wever, at elevated temperatures the effect 
of Cu++ approaches that of Pb~'^ ; the effect of both is equal at ordinary 
temperature, if excess of Cr ions is present. At room temperature, by far 
the quickest are the depositions of Pb++, Cd"^ and T 1 + ions, both in solutions 



of chlorides and nitrates. In ammoniacal solutions the rates of deposition 
decrease in the senes Cd, Co, Ni, Zn. ^ 

Hindrance Due to Adsorbed Films. 

It has been recently deduced from capacity phenomena displayed in 
polarography • that many molecular ^eciea axe adsorbed -with higTi velocity 
as a thin coherent film at the mercury electrode -withia certain uotentiaia 
around the " electrocapiUazy zero" hi charge (i.e., - 
Brdidka • has produced evidence that numerous organic dyes form ad- 
sorbed films, in which the molecules are bound to the surface so that their 
thermal movement is limited, as in a liquid layer at very low temperatures. 
Com^unds, not reducible at the m^ury cathode, e.g. pyridine in aiimiing 
solutions, higher fatty adds in acidic solutions and ether, higher alcohols or 
phenols in any solution, all form the film suddenly, when the capillary 
electrode reaches a certain potential more positive than that of the '* ekctro- 
capillaxy zero " and this film is at once desorbed, when a more negative 



j^ential is exceeded. OsciIl<^praphic potential-time curves t hen have the 
shape a (Fig. 10). 

If now sn^ quantities of metallic salts are added, which would cause 
m the pure indifferent electiolyte depolarisation within the critica l po- 
tentials of adsorption and desorption of the film, the potentiad-time curve 
a^u^ the form b (Fig. 10). We notice that the kink due to the deposition 
of the metalhc ions ia shifted to the discontinnity due to the capacity 

• Bidil 9 ca, Z. EUhirochetn., 1942, 48, 278, 686. 
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change B, whereas the potential of the anodic kink D remains practically 
unchwged. 

The b^aviour represented by Fig. xo& is fonnd in solutions of sulphates, 
nitrates and hydroxides, when salts of Pb^, Cd, Sn^i axe present, which 
otherwise always give S3nnmetrical potential-time curves and the electro- 
deposition of whi<^ is. tiierefore, regarded as perfectly reversible. If the 
electrol3rte contains CP ions in excess, the influence of the adsorbed fllm 
is feeble and the kinlfw remain s3rmmeMcal at the potential of D. 



Fig. II. — ^Polarographic current-voltage corves with the dropping mercuiy 
cathode and saturated KQ-calomd electrode as anode. Curve 3 : o*x N. 
K OH in N„ 0*002 x. TlNOj ; curve 4 : with i % pyridine ; curve 5 : with 
2 % pyridine. 


The only metallic ions, whose electrodeposition is not afiected by the 
adsorbed films, are those of Tl'*'. The kinks on the potential-time curves 
due to Tl*** alwa^^ remain symmetrical, no matter which is the indifferent 
electrolyte and what sort of adsorbable compounds are added as traces. 
Fig. XI characterises the depolarisation efiect of Tl*** ions ; a shows the kink 
dne to T 1 + ions in the pure electrcflyte, which may be neutral (chlorides, 



Fig. 12, — Curve 3 : o*i n. KOH in K. 
0*002 N. in Pb(NO,)a ; curve 4 : wit 
I % pyridine. 



sulphates, nitrates, etc.), acidic or alkaline. When small quantities of 
hitler alrohols or higb^ flitty acids are added to the electrolyte (e.g. a 
smalT drop to 5 cc.) OT larger amounts of ethyl ether, or of a saturated 
solution of phenol in water, e.g. | cc. to 5 cc. (fl the dectrolyte containing 
11'^ ions (ca. 0*002 k.), the two thallium kinks remain synunetiical. 

Laige concentrations of adsorbable matter make the cathodic kink 
feeble. Similar^ when pyridine is added, e.g. x or 2 drops, to 5 cc. of 27 . 
alkali containing Tl'^ ions, the carve has the shape c, with the Tl'*' kinks 
undbai^ed, whereas Fb'*^ ions ^e curve b (Fig. xi). 

This unique behaviour of^*** ions ma^ests itself also on ordinary 
polarographic current-voltage curves obtained in electrolysis with the 
dcoppittg mercury dectrode. Fig. X2, curve 3, obtained in the pure 
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electrolyte, shows the regular wave due to the electro^eposition of T 1 + 
ions ; curves 4 and 5 were obtained after additions of pyndine. The waves 
at — 0*4 V. are unchanged (the steps around the voltage 1*4 ^re due to 
the desorption of the pyridine film). Div^ent cations, on the other hand, 
are greatly hindered in their electro-deposition as shown by the polarogram 
in Fig. 13. Here a amount of p3nidine produces a profound change 
of the Pb++ wave (curve 4), suppressing the electrolytic current just to the 
desorption of the film.* 


Discassion. 

The experiments described above show that the reversibility of the 
electrode processes, as indicated by the oscillographic potential-time curves, 
depends on the indifferent electrolyte, on temperature and that it is affected 
by of adsorbed molecules. CalUng those electrode process^, in which 
the cathodic and the anodic potential are Identical, “ reversible ", and 
others, in which the cathodic potential is more negative (and often indis- 
tmctly marked) whilst the anodic potential is more positive (and mostly 
well defined), as " irreversible ”, we can distinguish four groups of cations. 

1. Those hairing electrode processes which are always reversible, no 
matter what the electrolyte is, or whether traces of adsorbable compounds 
are present. The only instances here are the processes, T 1 + e Tl, and 
similarly of Li+, ICa" and K+. (The behaviour of Cu+ ions is near to that 
of Tl-r.) 

2. Ions Pb"*^ a.Tid Cd"*^, which give reversible processes in the presence 
of any electrolyte (e.g. chlorides, nitrates, perchlorates) ; these are, however, 
rendered irreversible by the formation of films of adsorbed molecules. Here 
excess of chlorides counterbalances the effect of film s. 

3. Sn’»'+, Bi+++, Sb+++, In+++ giving reversible processes when in excess 
of Cr (or Bri) ions ; in the presence of sulphates, nitrates, perchlorates, 
citrates, tartrates or in alkali solutions, the processes are irrevermble. 

4. Divalent ions of the transition elements, i.e., Cr, Mn, Fe, Co, Ni, Cu, 
Zn, leading to irreversible processes only. 

The reduction of Cu^, which proceeds reversibly by the two one- 
electron transfers, viz. Cu"^ -f « Cu+ and Cu+ -|- e -► Cu is seemingly 
an exception ; however, where the monovalent stage is unstable, e.g. in 
electro-depositions taking place in excess of NO5' or 804" ions, the process 
is irreversible. 

Kaismg the temperature to yo°-go° c. or lowering the frequency of 
the alternating current impulses diminishes the difference between the 
cathodic and anodic d^larisation potentiaL 

It may be mentioned that studies of polarisation with an alternating 
current were carried out by Le Blanc and 1 ^ co-workers in zgzo.^ Metallic 
plates, dipping in concentrated solutions of their ions. e.g. Zn inZnSOi, 
were made altematingly cathode and anode and their pdaxisation was 
measured. Seme metals, such as Pb, Ag, Hg, showed no polmisation. 
Others, such as Zn. Cn, exhibited a considerable change of potential during 
the dle^olysis which could not be accounted for by concentration polarisa- 
tion. Le Blanc supposed that such phenomena are due to a delay in the 
electrolytic processes, caused by a ” dhemical polarisation ", probably caused 
by the slow rate of d^3rdration. Our phenomena, showing a difference of 
the cathodic and anodic depolarisation potential, are, no doubt, of the 
same nature. In the case of the depolarisation of Zn++ ions we must over- 
step the deposition potential (ordinaury half-wave potential being — Z'36 v.) 
by — o*zo V. and the potential of anodic dissolution by -f- 0-49 v. The 
process of depolarisation exhibits thus a cathodic and anodic " passivity 

* These effects axe more fully described in the communication quoted above 
by Heyrovsli^, §orm and Foiejt. 

* Le Blanc, Abhandl. Bunset^os, 19 xo, 3. 
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Our observations, however, show that the slowness of the process of de- 
hydration cannot play any decisive role in the electro-deposition, since 
dehydrating agents have bnt little effect on the potential of the cathodic 
kink ; on i£e other hand, additions of Cl' ions render the electrode processes 
reversible. 

Hence the hindrance to the rev^ibility of the electrode processes has 
to be sought elsewhere. It is significant that the only permanent reversi- 
bility, ni^indered by admixtures, is that of the one-electron transfer 
T1+ -J- e Tl. Similarly other processes invoh-ing one electron, like 
Cu+ •+ e -► Cn, Cu"*^ + « -»■ Cu+', Fe+++ -h e Fe++, etc., have also been 
found reversible, although not uninfluenced by adsorbable molecules. 
This suggests that only the acceptance or the surrender of one electron 
proceeds at the electrode directly and unhindered, whilst the transfer of 
two or more electrons can never be simultaneous but always successive. 
Imagine for instance a Zn++ ion touching the cathode. During this short 
imp^ it may capture only one electron as the probability of two electrons, 
which strongly repel each other, being transferred simultaneously is very 
small. The Zn'*' particles recoil at the electrode and have a tendency to 
diffuse back into the solution, so that the probability of a second contact 
to accept the second electron is small. Much more probable is the inter- 
action of two freshly formed Zn+ ions through the dilatation (dispropor- 
tionation) 2Zn+ Zn + Zn++. Consequentiy instead of a direct capture 
of two dectrons on contact, two Zn++ ions must touch the electrode to 
receive one electron each and then interact to 3;deld the Zn atom, three 
encounters being thus necessary. This interaction would be hastened by 
thermal agitation and hindered by adsorbed films in which molecules are 
anchored to the interface thereby damping the chaotic movement there. 

Thus the rate of deposition of Zn^ ions has to depend on the rate of 
dismutation. Although this rate is great, the charging impulse m electro- 
lysis with the alternating voltage proceeds in such a short time (in o>ox to 
o-ooi sec.), that dismutation is insufficient to deposit enough atoms to 
produce a depbLarisatiou irinlc at the ordinary deposition potential due to 
the process Zn++ -»> Zn. Only when the potential of the polarised electrode 
is nearer to that of the process Zn-H- -f e Zn+, a distinct kink must 
appear. 

The monovalent cations, the formation of which is assumed here to 
explain the shift of the deposition potential, must be vesy unstable, i.e. 
the " dismutation constant ” K of the equilibrium 2Zn+ <5* Zn + Zn++ 
given as Jf = [Zn][Zn++]/[Zn+]* is very large. 

The following relationship gives the value of the potential irt,i due to 
the process Zn++ -f- « -► Zn+, and wj,* due to Zn+ -(- « Zn in terms of the 
potential dne to Zn+-t- -f- 2« ^ Zn and of the dismutation constant K : 


TTtji — 

Vj,o = 


VltO — 


Rr,_/ [Zn-«-+] >^« ^ 

2F \iZn+]J 'K 


The huger the dismutation constant K, the more negative is the potential 
vs,i and the more positive iri,o. According to this theory the cathodic, 
more n^ative Trinic on the potential-time curve belongs to the process 
Ztx*-*- Zn+ and the an^c, considerably more positive kiuk, is dne 

to Zn -► Zn+ -t- «. If iSr < I, the redaction potential of Me-H- -+• e Me+ 
is more positive than the deposition potential of Me**"** -f- ae -4- Me, and. 
the Me'*' ions axe stable. No dismutation is involved and hence both re- 
duction stc^ appear on the polaiographic curxen't-voltage curve and two 
reversible kmka on the oscillographic potential-time curve. This is indeed 
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fonnd in the case of cupiic salts in acidic or ammoniacal solutions con- 
taining chlorides. 

Note that according to the explanation proposed here, either reaction 
involved in an oscillographically irreversible " electrode process may 
proceed by itself reversibly, yet not as the reversed reaction of the other. 
Such cases of " irreversib^ty " arise only when the dismutation velocity 
is not su£G.ciently lai^e to bring the ions to equilibrium, otherwise all three 
potentials iri,x, and would be equal. 

As to the potential ir^.B of anodic dissolution it might be pointed out 
that it difiers much more from the half-wave potential than n-i.i does ; 
it is. furthermore, well defined (except for Fe, Ni, Co) and very little affected 
by various electrolytes or by the formation of ad^rbed films. Here the 
dismutation proceeds probably very close to the electrode surface, between 
the freshly formed non-hydxated ions unhindered by the aqueous layer. 

When considering the readiness with which various cations dismutate 
to establish the elecrirode equilibrium, we may deduce that in the electro- 
deposition of lead and cadmium, the velocity of dismutation is extremely 
quick, but slower in the deposition of tin, bismuth, antimony and indium, 
especially in solutions of sulphates and nitrates. It is slowest in the de- 
position of the transition elements, which are known to fih up the valency 
electrons into lower electronic levels. This might explain why the dis- 
mutation is slower, since the transfer of one electron from one Zn+ ion to 
another has to be carried out from the inner shell of one ion to that in 
another. 

It remains to explain the peculiar action of the CF (or Br^) ions, which 
change the irreversibility of the trivalent cations of the groups II. and III. 



Fig. 14. 


(Bi+++, Sb+++, In+++) into oscillographic reversibility. It has to be noted 
that irreversibility of these cations occurs in solutions containing excess 
anions SOj^', NO/, CIO4', tartrate, citrate, OH', all of which are known 
to be not d^ormable, i.e. of a rigid electronic structure, unchangeable in 
an electric field. On the other hand. Cl' and Br' ions are deformable, 
since the centre of their dlectric charge is shifted in an electric field, so 
that they become polarised. The fact that the influence of CT ions acts 
only during the cathodic process, the anodic kink being practically inde- 
pendent of the composition of the solution is also important. The Cl' 
ions thus seem to promote the transfer of electrons from the cathode to 
the cations or between the cations. This facilitation may be imagined 
as consisting of a convection of the electron through the deformed Cl' ion, 
its native charge g^ding on to the cation and at the same time another 
^ectron being acquhred at the other ^d of the d' ion from the catirode 
(Fig. r4) or from another cation. 

To act in the above way, the d' ions must have some affinity for the 
cations to form more or less firmly bound complexes. This is quite ac- 
ceptable in the case of Bi+++, Sb+++, In+++, Cu++, Cu+. 

The great variability of the rates of electiodepositiotn of metallic cations, 
as shown by the derivative curves, especially in the case of Cu++ or In+++ 
in sulphate solutions on one aide and in chlorides on the other must in- 
fluence the magnitude of the ordinary polazographic diffusion current. 
Already Fig. 13 shows the large depressive effect due to the adsorbed 
film, which — according to the theory propounded here — hinders dismnta- 
tion. Therefore measurements were m^e of polarographic diffusion 
currents due to 0*005 wr. solutions of Cu^i, Tli, Cd, Zn, Ni, Co, In in it. Hd 
and in n. KN 0 „ KbSO^ or H1SO4 and, where possible, in k. NHb -{- NH4CI 
and in n. KOH solutions. 
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These polaxographic measurements were carried out by Zajac keeping 
the same conditions, with 0-05 % gelatine and in an atmosphere of nitrogen. 
The capillary was 0*07 mm. iimer diam., 7*3 cm. length and under 28 cm. 
of Hg giving an outflow velocity of 0*0027 g./sec. The current-voltage 
curves were registered keeping the mercury pressure at 57*0, 36*0 and 
i 8*5 cm. in ea^ case. It has be^ found t^t in the case of thaUous 
solutions the anions of the excess electrolyte have no influence whatever 
on the magnitude of the difiusion current. The diffusion currents due to 
the other cations examined here are 20 to 30 % lower in solutions of 
sulphates or nitrates than those obtained in derides. This accords well 
wi& the degree of irreversibility observed oscfllographically. In++'>' ions 
in solutions of sulphuric or nitric acid, which show no distinct cathodic 
kink on the potential-time curves, give no polaxographic wave. 

Where the electro-deposition is retarded, i.e. wh^ the di- or tri-valent 
ions are not readily discharged, the entire exhaustion of the interphase 
postulated by Ukovifi for his formula of the diffusion current 

U = 0*627 — Cj), 

\'iz. that Ca = o, cannot be reached. Then c, has some final value, 
which depends on the rate of dismutation. The calculations of Ilkovi6 
were bas^ on the assumption that every particle of the depolariser is 
deposited as soon as it tou^es the etectrode surffice. The evidmce of this 
investigation shows, however, that this simple mechanism of electro- 
deposition only holds for mono-\'aIent cations, but that it involves the 
above complication for two-electron transfers. 

Summary. 

An arrangement has been used in which periodic current impulses due 
to a sine-wave or a rectangular voltage charge a polarisable mercury 
dectrode, of the dropping or streaming type, alternately to negative and 
positive potential and the pot^tial-time curves and derivative curves, 
d«-/<h — t, are observed on fluorescent screen of a catimde-ray osciUo- 
soope. A frequency of 50 c.p.s. mostly used. In this way the rates 
of electrodeposition of metallic cations were studied in different ^ectrol3ries. 

Electro-depositions involving one-electron transfers, like Tl-^v^Tl, 
Na+ Na, Cu'»-+ ^ Cn+, Cn+ ^ Cn and certain two-electron transfers, 
e.g. Pb++ Pb, Cd++ ^ Cd and Sn++ ^ Sn show the cathodic and the 
anodic depolari^tion kink at the same potential; such processes are 
termed *' oscUlographically reversible The depolarisations due to 
Sb+++ and In+++, shown in solutions of SO/', NO,', CIO 4', OH', tartrates 
or citrates, produce the anodic kink at a more positive potential than that 
of the cathode kink. Such electro-depositions are termed " oscillographic- 
ally irreversible ” and are retarded. Additions of Cl' and Br' ions to these 
solutions change the irreversible process to a reversible one and increase 
the rate of deposition. The divalent ions of the transition elements 
Cr, Mn, Fe, Co, Ni, Cu, Zn are deposited irreversibly in all solutions in which 
the electrode process involves a two-electron tranter. 

From these results it is deduced that the electrolytic acceptance of more 
than one electron is not simultaneous but consecutive. The second electron 
is acquired through dismutation, e.g. 2Zn+ -► Zu -f Zn++, the velocity of 
which determines the rate of electro-deposition; this is accelerated by 
heat and by Cl' ions and is retarded by films of adsorbed molecules. 

Des impulsums pdriodiques de oouiant, dfles k des voltages de forme 
sinusoldale ou rectimgulaire, sont employees pour donner des charges 
alternatives k une dlectrode de mercure (du Electrode k gontte ou 
jailhssante) et les courbes, en fonction du temps, du potentiel (ir) et de 
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(dir/d^ — t) sont obser\'Ses sur un oscillographe k rayon cathodique. Les 
vitesses de d6p6t ^lectroljidque sent 6tudi6es de cette pour divers 

m^taux dans (^drents 61e<±rolj’tes. On trouve que les d^p6ts, qui compor- 
tent le transport d'un 61ectron (ou de deux dans certains cas) sont “ r6ver- 
sibles £i ToscilLographe " (c’est k dire que les depolarisations anodique et 
cathodique se manifestent au mStne potentiel) ; d'autres d6p6ts, de qu^ques 
metaux dit et trivaUents, sont “ irreversibles k I'osciUographe,” maiH 
sont rendus " r6versibles " par addition d’ions Cl k I’eiectrolyte. On 
condut que deux electrons sont toujouis tranf6res consecutivement k 
cause de la dismutation (par example 2Zn-^-»- Zn + Zn+'^), dont la 
Vitesse determine ceUe du dep6t ; cette demiere est acceieree par la 
chaleur ou par des ions Cl, mais est retardee par des films de molecules 
adsorbees. 


Zusammenfassung. 

Periodische. dunch sinusweUenfdnnige oder rechteckige Wechselspan- 
nungen her\’orgerufene Stromimpulse werden beniitzt, um einer (tropfenden 
Oder strOmenden) Quecksilberelektrode wechselnde Ladungen zu geben ; 
die Potential (*r) — Zeit (t) und dn/di — t Kurven werden mit Hilfe eines 
Kathodenstrahloszillographen bestinunt. Auf diese Weise wird die 
Geschwindigkeit der elektrol3ddsclien Abscheidung verschiedener Metalle 
xmtersucht. Es wird gefunden, dass Abscheidungen, in denen nur ein 
Elektron transferiert wird (und b^timmte Zweielektronenieaktionen) 
oszillographisch reversibel ” sind (d.li. sie zeigen anodische und katho- 
dische am selben Potential, wfihrend andere Abscheidungen (z.B. 

von zwei- und drei-wertigen Metadlen) „ oszillographisch irreversibel ” sind, 
aber durch die Hinzufiigung von uberschtissigen Chloridionen zur Elektro- 
l3rtlbsung reversibel gemacht werden kbnnen. Hieraus wird gefolgert, 
dass zwei Elektronen immer nacheinander durch Dismutation transferiert 
werden (z.B. 2Zn+ Zn + Zn++) und dass die Geschwindigkeit dieser 
Reaktion, die von Chloridionen und W&rme beschleunigt, al^r von ad- 
sorbierten Molekfilfilmen verzbgert wird, fiir die Abscheidxmgsgeschwindig- 
keit bestimmend ist. 

The Physico-Chemical Institute, 

Charles University, Prague. 


[b) GENERAL DISCUSSION * 


Dr. J. N. Agar {Cambrit^e) said : The formation of cavities within 
the steel of the “ decomposer," described by Hoogland, is a clear indication 
of the presence of considerable quantities of atomic hydrogen. This is a 
very important observation, but in order to see its true significance it is 
essential to know whether the hydrogen enters the steel by difEusion 
through the mercury or directly, at points where the steel is in contact 
with the electrolyte. At such points the steel forms the cathode of a 
short-circuited c^. 


Na(Hg) 


NaOH 

-Na+ H+- 


Fe 


and the passage of hydrogen into and through steel cathodes is a well- 
known phenomenon, although it is usually considered to be more marked 
in acid than in alkaline solutions. 


* On three preceding papers. 
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It appears that hydrogen entering the steel above the level of the 
mercury would have to diffuse rather a long way in order to reach the 
locality where cavities are formed, and one would esrpect to find at least 
some cavities nearer to the point of entry. Is it possible that a thin film 
of solution creeps round between the mercury and the steel, so that a 
cell of the above type is set up close to the observed cavities ? 

It is not necessary to assume that hydrogen atoms play any part in 
the cathodic reduction of oxygen to hydrogen peroxide. The reaction 
can be formulated in terms of transfer of Electrons from the cathode to 
oxygen molecules, followed by reaction with hydrogen ions, e.g., 

O, -f 20 -*■ O, — 

Oj— + 2H+ H,0, 

(or Oi — 4 - H+ ->■ HO,~ 
in strongly alkaline solution). 

In re^ty, these reactions may well take place by one-electron steps, e.g., 

Oj 4" 0 Oa“ 

Or + H+ HO, 

HO, + e -*■ HO,~ etc. 

The polarographic wave for reduction of O, to H,0, in acid solutions occurs 
at about + o *2 v. on the hydrogen scale, and I have recently found that 
the rate of reduction at a stationary Hg cathode becomes appreciable at 
about the same potential. It is unlikely that the concentration of hydrogen 
atoms on a mercury surface is significant at such positive potentials and 
it is therefore probable that reduction proceeds in the manner indicated 
above. This does not, of course, exclude the possibility that hydrogen 
atoms play a part at more negative potentials. 

Finally, I would suggest ibat the decrease in yield of H,0, after con- 
taminating the mercury by contact with YzA steel might be due to cata- 
lytic decomposition of the H,Oj|, rather than to inhibition of its formation. 

Dr. J. Weiss {NswcasHe) {pommunicated) : With reference to Hoog- 
land’s paper, it is known ^ tiiat the formation of hydrogen peroxide from 
H atoms and molecular oxygen takes place accordnig to the reactions : 

H-j-O,(+M)=H0,(-f M) 

2H0, = H,0, + O, 

accompanied by a small formation of ozone according to : 

2H0, = O, 4- H,0. 

Prof. A. Frumkln {^Moscow) [communicated) : In connection with the 
interesting results communicated in the paper of Prof. Heyrovsky, I 
should like to draw attention to a paper by Loshkarev, Sot^ova and 
Krjukova,* These authors found that the value of the current during 
the electro-deposition of Sn from an acid -SnSO, bath is greatly reduced 
in the presence of certain organic compounds, like diphenylamine, th 3 miol, 
a- and /3-naphthol and others. The effect di^ppears at a certain cathodic 
polarisation which is closely related to the potential which causes a de- 
sorption of these compounds from a mercury-solution interface and which 
can be determined by dectrocapillary measurements. It is probably 
closd.y related to the efiEect described by Heyrovsky, as well as to the sup- 
pression of the C 3 rstme wave by camphor and thymol.* In the experiments 
of Loshkarev et a}, so long as the desorption potential was not attained 
the current remained in a certain polarisation range independent of the 
potential although much smaller than the normal difiusion current. In 
my opiuioa the rate-determining step in this case is the penetration of 
the Sn ions through the adsorbed layer of organic molecules to the metal- 
solution inter&u^. 


1 

s 
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The accelerating influence of the Cr and Br' ions on the discharge of 
trivalent cations obser\’’ed by Heyrovsky can be accounted for by the 
change in the structure of the double layer caused by anion adsorption. 
The effect is similar to the lowering of hydrogen overvoltage observed when 
adsorption of anions sets in. 

Mt. a. W. HothersaU {Woolwich) said, in concluding the Discussion : 
Two chief topics have been raised in this Discussion. The first was the 
current distribution in an electroplating bath and how it was affected 
by conducti^'itJ’' and polarisation. There were two different schools of 
taught — one approadiing the problem from a theoretical angle and 
reaching a different conclusion from the other which was approaching it 
more from practical experience. He would leave the individual authors 
to deal with the points raised with the reminder that such differences of 
opinion originated frequently from differences in definitions of terms used. 

The second main point raised ivas the structure of the metallic deposit, 
especially near the interface with the underlying metal. Prof. Ubbelohde 
had raised the important question of stress in the first layers of metal 
deposited. One would expect that there must be a transition stage during 
which the atomic spacing of the deposited metal adjusted itself to that 
of the basis metal ; some years ago Cochrane had shown that, when nickel 
was deposited upon copper, the atomic spacing of the nickel, which was 
initially similar to that of copper, gradually ahranlr to that of nickel. 
Further information and confirmation was n^ded especially for combina- 
tions of deposit and basis metal where the difference in atomic spacing 
was greater than the 15 % referred to as a limiting factor by Finch, 
Wilman and Yang. It was also important to note that, as pointed out 
by Ollard, the microscope could be a valuable tool for studying what 
happened in the earlj' st^es of depotition but here, as in the use of electron 
diff^tion, it was most important that detailed attention should be g^ven 
to the technique of preparation of the metal for deposition as well as to 
meticulous control of the conditions of deposition. It should also be 
remembered that polished sections seen under the microscope gave a 
two-dimensional picture only and that there was some temptation to 
extend their intrapretation to three dimfinsinTiH (as Ollard appeared to 
have done in speal^g of filling up crevices). 

These genial considerations and the remarks of Prof. Allmand and 
others, suggesting a possible relationship between the abnoimal structure 
of mefallic deposits and metal overpotential, emphasised the necessity 
for periodical discussions between electrochemists studying the events in 
the electrolyte and physicists and metalluigists investigating the structure 
of the resultant product. 

rV. OXYGEN OVERVOLTAGE 
Introductory paper. 

Bv A. Hickung. 

In considering anodic processes we are confronted with a mass of ex- 
perimental data which so fax lacks, to a great extent, any satisfactory 
unifying theory. Of the many problems which confront us, I would 
select three as being of outstanding importance. They are : 

(a) the mechanism of the discharge of the h3rdroxyl ion at an anode 
and of oxygen evolution ; 

(b) the part played by the electrode material in anodic processes and 
the mechanism, of anodic passivity ; and 

(c) the mechanism of electrol3rtic oxidation reactions at an anode, 
me say a few words about each of these problems, which are of 

course intimately related, in turn. 

The mechanism of hj^droxyl ion discharge and oxygen evolution must 
be directly involved in the occurrence of oxygen overvoltage or over- 
potential, and studies of this phenomenon should therefore throw light 
H 
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upon the problem. The faet that the potential of an anode must be raised 
to a value appreciably more positive than the theoretical reversible oxygen 
potential to secure oxygen evolution has been known for well over 40 
years, and fairly extensive measurements of the so-called " minimum " 
oxygen overvoltages. i.e. the excess potentials at the commencement of 
oxygen evolution, were made quite early in the history of the subject. 
Att^pts to measure oxygen overvoltages at definite c.d.'s, however, 
met with considerable experimental difficulties, in particular ^at of ob- 
taining reasonable reproducibility in the results, and it is only wnthin 
the last 20 years that measurements with any claim to precision have 
been made. Even so there has been a tendency, which I personally think 
is unfortunate, to study platinum delusively as anode material. Wliile 
platinum has obvious experimental advantages, conclusions drawn from 
the study of this one anode material may not be universally valid, and 
there is still considerable obscurity about the dependence of oxygen over- 
voltage upon such variables as electrode material, c.d., time, temperature, 
environment of the OH' ion, etc. In these circumstances speculation seems 
somewhat premature and the theories which have been put forward seem 
to have been formulated largely by analogy with the more thoroughly 
in\'estigated phenomenon of hydrogen overvoltage. 

The ideas of the part played by the electrode material in anodic pro- 
cesses were formerly largely speculative, but in recent yeaxs considerable 
direct e\'idence has been accumulated by the experimental method pion- 
eered by Bowden and Rideal, and by Butler, of studjnng oscillographically 
the rapid changes of potential during the initial build-up of polarisation 
at an anode. By working at constant c.d., and recording the varia- 
tion of potential with quantity of electricity passed prior to oxj’gen 
evolution, it is possible to detect and ident&y with certainty* the 
various processes occurring, such as the charging of double la3rers and the 
formation of oxide films. Now that the experimental difficulties of the 
method have been largely overcome, and the cathode ray oscillograph has 
been adapted as an indicating instrument, data for difierent materials 
are rapidly accumulating and should move of great value in elucidating 
the psurt played by the anode material in oxygen evolution and the way 
in which an(^c passi\'ity is brought about. 

Electrolytic oxidation reactions are remarkable for the varied nature 
of the products formed, the very complex dependence of the results on 
such variables as nature of anode mate:^, c.d., temperature, pH, presence 
of foreign substances, etc., and the peculim way in which, in many cases, 
the anc^e potential is coimected with the reaction occurring. In a ver\’' 
few cases, such as the oxidation of ferrous and ferrocyanide ions, the process 
satisfies all the criteria of a thermod^mamically reversible oxidation- 
reduction reaction and the anodic process may be regarded simply as the 
removal of electrons from the depolariser. In the great majoritj’^ of cases, 
however, this simple \’iew is quite inadequate to explain the verj’^ complex 
exp'^rimental phenomena and one is driven to postulate the existence of 
some chemical oxidising agent at the anode. Gaseous molecular oxygen 
is unable to bring about many of the electrol3rtic oxidations which are 
observed, and it would therefore appear that some intermediate product 
which is transiently produced between the discharge of the OH' ion and 
the evolution of gaseous oxygen must be the aii^ve oxidising agent. 
Various suggestions have been made as to the nature of the active sub- 
stance or substances, and the OH radical, hydrogen peroxide, atomic 
oxygen, and oxides formed with the anode material have been postulated 
by various workers. The position at present is one of considerable con- 
troversy. 

These, which I have very briefly summarised, are some of the main 
lines upon which the study of anodic processes is proceeding, and we have 
a number of papers on each of th^ branches before us for discussion 
to-day. 



SOME ANOMALIES IN THE CONCEPT OF ELEC- 
TRODE POTENTIAL AS THE DETERMINING 
FACTOR IN THE OCCURRENCE OF ANODIC 
REACTIONS. 


By a. Hickling. 


Received ^^th February, 1947- 
I. 

According to current dectrocheniical concepts the &ctor that dete rmi nes 
\vhich of a ntunber of possible electrode reactions will occur on passage of 
current is the potential at which each process can take place, it being 
generally taken as axiomatic that at a cathode the process Tequ irir^ the 
least displacement of the potential of the electrode in a negative dire^on, 
and at an anode that requiring the least displacement in a positive direction, 
will necessarily occur in preference to any others. This view, which seems 
entirely reasonable, accounts very satisfectorily for the order in which all 
cathodic processes occur, but with anodic processes there are numerous 
apparent exceptions to it, and it is tiie purpose of the present paper to 
draw attention to these anomalies which do not seem hitherto to l^ve been 
sufficiently realised and which constitute a formidable problem for any 
general theory of anodic reactions. 


n. 

Many examples of these anomali^ could be cited, but it is desired here 
merely to quote two cases in which the paradox is very clearly displayed. 

A particularly good example is shown in the occurrence of the Kolbe 
reaction in aqueous solution. In the electrolysis of a mixture of u. potas- 
sium acetate -4- u. acetic acid with a smoo^ platinum anode at 2o° c. 
with a current density (c.d.) of o*i to i amp./sq. cm., ethane and carbon 
dioxide are the main anodic products (Kolbe reaction) and are formed 
with a current efficiency of ca. 90 %, the net reaction being formally 
reprraented as 2CH,C00' + 2F — -f 2CO,, and the anode potentud 
observed is about 2-4 v. on the hydrogen scale.^ The potential at which 
oxygen can be evolved at the same anode and under identical conditions 
from a buffer solution of equal hydrogen ion concentration not containing 
acetate ions is approximately 2*0 v. Furthermore, if the Kolbe reaction 
occurring at 2*4 v. is inhibited, which can be achieved in a variety of 
'ways, e.g., by the addition of a little manganous sulphate to the acetate 
mixture, the potential promptly falls to about 2*0 v., the anodic process 
then be^ oxygen evolution + oxidation of the acetate to methyl alcohol. 
Here then the experimental results indicate that the Kolbe reaction 
requires a potential some 0*4 v. higher than that of alternative anodic 
reactions, and yet it is the Kolbe reaction which normally occurs. 

The discrepancy is even greater in the occurrence of the Crum Brown- 
Walker synthesis in aqueoris solution, i.e., in the anodic formation of the 
ester of a dibasic add by electrolysis of a solution of an ester-acid salt 
containing half the numb^ of CH|-groups of the final product. Thus if a 
mixture of m. potassium ethyl malonate -f m. hydrogen ethyl malonate is 
electrolysed w^ a smooth platinum anode at 10° c. with a c.d. of 0*1 to 

1 Hickling and 'Westwood (unpublished observations) ; see also Glasstone and 
Hickling, J. Chem. Soc., 1934, 1878 ; Chem. Rev., 1939, ag, 407. The potentials- 
quoted in this and tiie subsequent example were metisu^ by the interrupter 
method (Hickling, Trtms. Faraday Soc., 1937, 33» 1540) and are thus free from 
any resistance errors ; if there is any error in the quot^ values it would be in the 
direction of making them lower thaji the true values. 
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I amp./sq. cm., diethyl succinate and carbon dioxide are the maiTi anodic 
products and are formed with a current efficiency of ca. 70 %, the net 
reaction being formally represented as aCOiEt ■ CH, • COO' + 2JF = 
CO,Et • CH, • CH, ■ COOEt + 2CO,, and the anode potential observed 
while this process is occurring is about 2-8 v. on the hydrogen scale.* The 
potential at which ox3i^en can be evolved under the same conditions, as 
shown either by working with a solution of the same hydrogen ion concen- 
tration not containing ethyl malonate ions or by inhibiting the synthesis 
in the ethyl malonate electrolyte, is only about 2*0 v. Here then the 
potential measurements would suggest that the Crum Brown-Walker 
synthesis requiring the very high potential of 2*8 v. should never occur in 
aqueous solution, but that the alternative process of oxygen evolution 
requiring a potential some o*8 v. less positive should have precedence, 
yet it is the Crum Brown-Walker synthesis in practice which mainly 
occurs under ordinary conditions. 


m. 

It might be suggested to explain these anomalies that in the presence 
of acetate and ethyl malonate ions the process of oxygen evolution is re- 
tarded in some way and the oxygen overvoltage is hereby raised con- 
siderably. Such an explanation is not only unsatisfactory in that it is of a 
purely od hoc nature but would seem to break down on the following grounds. 

(a) At anodes other than smooth platinum, e.g., platinised platinum, 
gold, lead dioxide, etc., the Kolbe and Crum Brown-Walker re- 
actions do not take place with substantial current efficiencies and 
the anode potentials observed are quite normal and closely similar 
to those of oxygen evolution observed in other electrolyte of the 
same pu values. 

( 5 ) The current efficiencies of the Kolbe and Crum Brown-Walker re- 
actions occurring at a smooth platinum anode can be greatly 
diminished in a variety of different ways, e.g., by lowering of c.d. 
or concentration, by rise of temperatum, by addition of catalysts 
for hydrogen peros^e decomposition, by addition of large quan- 
tities of foreign anions, etc., and in all these cases the anode po- 
tential falls and approaches a normal ox3^en evolution value. 

jy. 

It thus appears difficult in the examples quoted to avoid the conclusion 
that the anode potential is the resuU of the reaction taking place rather than 
the Victor which determines which reaction shall occur, and evidence from 
other studies of electrolytic oxidation strongly suggests that tins may 
generally be the case." Electrochemical theory is, however, still confronted 
with the problem as to why a process gi\'ing rise to a high potential should 
take place in preference to one which leads to a lower potential A con- 
ceivaUe mechanism has been advanced previously by the present author * 
which aa suTTifta that the lurHal anodic process involves an irreversible stage 
and that the potentials observed are set up indirectly by subsequent re- 
actions, but this view involves some difficulties, and it is in the hope that 
some simpler explanation may be advanced that the problem is raised here. 

Summary. 

Some anodic reactions are described in which processes occur at a high 
positive potential in preference to other possible reactions requiring or 
feading to much lower potentials. The problem that these anomalies 
provide in the light of current electrochemical theory is emphasised. 

* Hicklhig and Westwood, J, Chem, See,, r938, ro39 ; Glasstone and Hickli ng, 
Chem, Rev,, X939. ^St 407 - 

* Glaastcme and Hlnkiing, loc. cit.* 
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On d^cnt quelques reactions anodiques, qui se produisent k un haut 
potentiel positif, de pr6f6rence k toute autre ruction possible, qui exigerait 
des potentiels beaucoup plus bas ou conduirait ^ de tels potentiels. On 
souligne les problfemes que constituent ces reactions, regard6e& comme 
des anomalies selon la thlorie ^lectrocbimique courante. 

Zusammenfassung . 

Einige anodische Reaktionen werden beschrieben, bei denen Prozesse, 
die ein hbheres positives Potential ezfordem, anstelle von anderen mdglichen 
Reaktionen, die ein niedxigeres Potential eidordem oder zu einem solchem 
fiihien wtlr^n, stattfinden. Die Probleme, die von diesen Widerspriichen 
zur gegenw9,rtigen elektrochemischen Theorie aufgeworfen werden, werden 
hervoigehoben. 

Department of Inorganic and Physical Chemistry, 

Liverpool University, 


ELECTROLYTIC POLARISATION: 

III. THE EFFECT OF THE SOLVENT ON THE 
OXYGEN OVERPOTENTIAL. 

By J. OTSd. Bockms. 

Received ^rd March, 1947. 

As is well known, electrolytic evolution of oxygen at an anode in add 
or alka l in e solution is gener^y associated with an overpotential of the 
same order as that occurring during hydrogen evolution.* The theories 
advanced to explain the phenomena associated with the overpotential 
of oxygen can be divided into three groups, depending upon which of 
the following reactions is considered to limit the velodty of evolution 
of oxygen from the anode surface : (i) the heterogeneous combination of 
oxygen atoms to molecules (Foerster et al. ■), (ii) the discharge of OH- 
to ihe hydroxyl radicle (Gurney*), (iii) the transfer of a proton from the 
anode to a water molecule in the vicinity of the anode (Eyring, Glasstone 
and Laidler *). It would be premature to discuss in detail the relative 
l ikelih ood of any of these groups from the published experimental evidence 
on ox3rgen overpotential * which is meagre and often described too briefly 
to make easy assessment of its reliability. 

* For review, see Klemenc, Z. pl^sik. Cham., 1939, iSs, i. 

* Z, Elehirochem.. rgro, i6, 353 ; ElectroiAemie wdsseriger LSsungen, 1922, 
335 • 

» Proc, Roy. Soc. A, 1931, 134, X37 ; 1932, 136, 378 ; see also Wolfenden, 
Ann, Reports, 193a, 34. 

* J. Chem. Physics, 1939, 7# io53 : Trems. Atner. Eleetrochem. Soc., r939, 

J Kjmball, Glasstone and Gl a ss ner , J. Chem, Physics, i94r, 9, gr ; but 
see Fcumkin, Ada Physicochim., r940, 13, 481. 

“ Foerster, Z. physih. Chem., 1909, 89, 236 ; Glasstone. Trans. Chem. Soc., 
1933. ia3» 1745 > Knobel, Caplan and Eiwmann, Trans. Amer. Eleetrochem. Soc., 
i923t 1^3, 55 ; Maznschelli and Romani. Gaxetta, 19^7 . ga, 524 ; Bowden, Proc. 
Roy. Soc. A, rgag, 136, 107 ; Butler and Armstrong, ibid., 1932, 137, 604 ; Hoar, 
3933, 143, 628 ; Butter and Dtev«:, Trans. Faraday Soc., 1936, 3a, 437 ; 
Roiter and Jampolskaya, Ada Physicochim., 1937, 7* 247 ; Pearson 
Butler. Trans. Faraday Soc., rgsS, 34, ir63 ; Hickljng, ibid., 2945, 41, 333 ; 
1946, 42, 5r8. 



230 ELECTROLYTIC POLARISATION 

It does seem possible, however, to extend to oxygen overpotential 
investigations an examination which appears to have b^n of some use in 
gi\'ing definite and unambiguous evid^ce against certain theories of 
hydrogen overpotential.* Thus it appears that an examination of the 
solvent effect on oxygen overpotentikl would give cogent e\ddence con- 
cerning the importance of the environment of the OH“ ion to the potential 
of the working anode and the validity of the postulate of prototropic 
transfer as the slow stage. Additional interest attaches to the residts 
of oxygen overpotential measurements in aqueous solution also recorded, 
as these have been made using a new procedure for the method of measure- 
ment (see below). No previoixs work on the effect of the solvent on the 
oxygen overpotential appears to have been reported in the literature. 

Experimental. 

Choice of System. — ^The principal requirements of an ideal solvent 
for the present work are as follows. 

(i) It must have good ionising properties so that appreciable currents 
can easily be passed through its solutions and so that ol^c overpotential 
is reduced to a minimum. 

(li) It must have a good solvent power for, and stability to, a suitable 
elecixolyte, e.g. sulphuric acid. 

(iii) It must be easily purified, preferably without the aid of metal ions. 

(iv) It must be stable to nascent oxygen. 

This last point severely limits the number of possible solvents. Thus, 
the primary sdcohols, glycol, acetone, formic acid, etc., are rapidly oxidised 
at a platinum anode,^ in most cases easily. The ahphatic ethers and similar 
solvents are unsuitable because of the lack of ionising power and misci- 
bility with water. A detailed examination of the properties of a consider- 
able number of solvents shows that it is not possible to obtain a solvent 
which obeys aU the above criteria : acetic add * and i : 4 dioxan represent, 
however, substances which do not seem to be oxidised at a platinnm 
anode at high current densities in add solution. It is not practical to 
use an anhydrous solution of these substances with sulphuric add owing 
to the very high resistance of the solution, but a full range of mixed 
solvents may used and the results extrapolated to the '\^ue for the 
anhydrous solvents. 

Smooth platinum was used as the electrode material because relatively 
repFodudble results have been reported by other workers for measure- 
ments with this substance in aqueous solutions.* It does not appear 
of value to extend the work to other types of systems at present owing 
to the complicating effects of oxidation both of electrodes and solvents, 
which are Imown to occur. 

Apparatus. — The experimental cell has been previously described.^® 
Modifications made for -&e present experiments consisted m the replace- 
ment of the hydrogen stream to the cathode compartment by one of 
oxygen to the anode compartment. This stream was directed on to the 
platinum anode, which consisted of a platinum wire of total area o-i sq. 
cm., roUed into a spiral form and supported vertically by means of a 

* The Kolbe reaction is inhibited by sulphuric add (see *). 

* Bockris (in course of publication) ; Nature, 1946, 158, 584. 

* Primary alcohols : £lbs and Brunner, Z. Elehtrochem., 1900, 6, 604 ; 
Kddznini, Mem. Coll. Sci. Kyoto, r93S, i lA, 391. Glycol : Lbb., Z. Elehtrochem., 
19x0, 16, I. Formic acad : £. Muller, ibid., 1923. 39, 264 ; Herasymenko, 
Ukraine Chem. J., 1929, 4, 439. Acetone: Bradt and Opp, Trans. Amer. Electro- 
them. SoG., 1931, 59, 81. 

* Glasstone and Hickling, J, Chem. Soc., 1934, iSyS. 

■ Foerster and Pigwet, Z. EJehirodiem., 1904, 10, 714 ; Knobel, Caplan and 
Ehiftmann, loe. ciU, rd.*. Glasstone, Trans. Chetn. Soc., 1923. 123, 1745. 

Bodcris, Trans. Faraday Sac. (in press). 
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tube inserted into the rubber bung of the anode compartment. 
Pretreatment of the anode consisted in w-ashing in hot cone. HCl, hot 
cone. HNO,. and u’ater and then heating to redness. The ca^ode 
consisted of a sheet of platinum foil, i sq. cm. in area. The experiments 
were carried out at room temperature without special attention to 
temperature control, which, having regard to the temperatiire coefficient 
of oxygen overpotential, introduced negligible changes in condition. 

Purification of Solvents. — ^Acetic acid was puiffied according to the 
method of Orton, Edwards and Kmg,“ namdy, addition of sufficient 
PjOj to convert aU the water to pho^horic acid, and then distillation ; 
m.p. fd. i6"5°. 

Technical dio xan was dried with KOH and BaO, distilled from the 
latter, and then from Na, the portion boiling at 101-102“ being collected. 
It w-as redistilled from soditun as required (m.p. fd. ii‘75). 

The water used was ordinary distilled water redistilled in a Pyrex 
all-glass apparatus in the presence of acid EMn04. 

General Procedure. — ^The appropriate quantity of acetic acid or dioxan 
was introduced in air into a solution of aqueous H1SO4 of strength such 
that the whole solution was molar with respect to H1SO4. Oxygen from 
a cylinder ^vas passed through acid KMn04, cone. H4SO4, water and a 
bubbler containing the solution to reduce the tendency of the gas to 
alter the composition of the electrol}^^. Oxygen was passed for about 
I hr. through the solution before the latter was introduce into the Pyrex 
electrolytic cell. The potential of the platinum anode was observed 
against a hydrogen electrode until it had attained a state of approximate 
constanc}’.* Polarisation was then commenced at a c.d. of io~* amp. 
per sq. cm. The build-up of potential with time was followed nn^ 
approximate constancy had been attained, the current switched o£E and 
the electrode allowed to rest until its potential had again attained an 
approximately constant value. The same procedure f was then repeated 
for c.d. of io“*, 5 X io~* and io~^ amp./sq. cm. Each set of polaii^tions 
in a given system, which lasted generally 10-12 hr., was carried out at 
least 3 times. The cell was cleaned with chromic-sulphuric acid between 
each experiment, for which a fresh platinum anode was always used. 
The reproducibility varied between i o*oi and ± 0*03 v. It was better 
in aqueous than in mixed solvents. 

Results. 

Results for the effect of solvent composition and c.d. are shown 
respectively in Figs, i, 2, 3 and 4, and are summarised in Table I where 
the experimental 'v^ues of b, the 'v^ue of the coefficient in Tafel's equation 
= a ~\-b log I (17 = oveipotential, J = current density, a and b are 
constants), obtained from the initi^ slopes of the n-l(^ I lines, are also 
included. 

The variation of oveipotential with tiiuft did not seem to be essentially 
affected by the solvent. The potential of the hydrogen-oxygen cell 
before polarisation attained approximate constancy at about 0*9 v. in 
all S3f^eins. Anodic polarisation caused a slow increase with time, 
genei^y having a magnitude of less than 2 centivolt/hr. after 2-3 hr. 
polarisation. After cessation of the polarisiag current the potential of 
the smooth platinum dlectrode decay^ to i-4-i‘2 v. in some 2-3 min. 
and thereafter slowly to about 0-9 v. in the succeeding 1-2 hr. 

“ Foeister, loc. cit., ref.*. 

^•7. Chem. Soc.t 1911, 99, 1178. 

* Approximate constancy was taken to mean a change of less j centivolt 
in i hr. (cf. “). 

t Cf . use of a similar technique of resting between each polarisation at 
different c.d. used in hydrogen oveipotential measurements.^ 
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TABLE I. 


Non-aqueoni 

Compooeat. 

Water. 

OverpotentlaL 
e.n. amp./sq. cm. 

ior*. 

lO”*. 

5Xio-» 

i<r^. 

h. 

Acetic add . 

zoo 

0*62 

g *79 

0*89 

0*92 

o*i 6 • 


75 

0*87 

1*23 

1-47 

1-57 

0*35 


50 

0*92 

1*31 

1*53 

1*64 

0-34 


*5 

0*98 

1*38 

1*59 

I- 7 I 

0*35 


0* 

0-99 

1*38 

1*59 

1*70 

0*35 

Dioxan 

90 

0*68 

0-93 

i*o8 

i'09 

0*25 


75 

0*72 

1*01 

1*10 

I-I 5 

0*24 


50 

0*79 

I*i6 

1*28 

1*33 

0*30 


35 

0*90 

i-i8 

1*31 

1-38 

0*27 


22 

0’87 

1*15 

1-34 

1*39 

0-27 


o* 

0'82 

i'09 

1*35 

1*40 

0*27 


^ Pretreating the piatiimm anode by ’washing with 'water and wiping with 
filter paper just before introduction, into 'the solution the correspondn^ results 
for aqueous solutions at these four c.d.*s were : 0'78. o*go. i‘Oi. 1*05. 

* Values for h in Tafel's equation iat aqueous Motions obtainkl by other 
workers are ; 

Glasstone (c.d. range io~*-io~i amp./sq. cm.), 0'06 ; 

Knobel, Caplan and Eisemann“ {c.d. range xo-*-io-* am,p./sq. cm.), 0*13- 
0 - 33 : 

Bowden “ (c.d. range io-*-io~* amp./sq, cm.), o-ii ; 

Roiter and Jampol^ya'* (c.d. range lo-^io”* amp./sq. cm,), 0*14. 

The 'values of th^ workers axe not strictly intercomparable owing to the difierent 
c.d. ranges examined and -techniques enjoyed iu measurement. 

* Exbapdated — ^it must be stressed 'that the linear extrapolation used is 
quite arbitrary. Measurements at higher non-aqueous contents ate not practical 
by the direct method. All potentials recorded are on the hydrogen scale. 



u Hidding and Salt, Trans. Faraday Soc., 1940, 36, 1226. 
“See»f.» 

” Bowden, he. cit., ref.*. 

Butler and Thompson, Proe. Soy. Soc., A, 1933, 141* S6. 
» Glasstone, he. ciL, xtd.K 
Knobel, Kapilan and Eisemanu, he. cii. rsf.*. 

Soiter and Jampdidcaya, he. eit., xef.*. 
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Discussion. 

Conclusions from the results of Table I and Fig. 1-4 may be briefly 
summarised. 



Fig. 3. — Oxygen oveipotential on platmum in acetic 
acid-water mixtnres (n . H^SO^). 


I 

.a 


Fig. 3.-— Oxygen overpotential on platinum 
m dioxan-water nuxtures (n . Hl^SOJ. 
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Flo. 4. — Oxygen ovnpotential on platinum in 
dioxan-water mixtures (x . H^SOf). 

(a) The build-up of oxygen ovm^tential with time is analogous to 
that of the hydrogen oveipotential and is qualitatively similar in aqueous 

H ♦ 
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and non-aqueous systems, but equilibrium is attained more quickly in 
tne latter, the average time for the attainment of approximate constancy 
oeing about 90 min.* (cf. Hickling and Salt,^*). 

(&) In all cases the oxygen overpotential on smooth platinum is greater 
m the aqueous — non-aqueous media than in water. The increment with 
percentage of non-aqueous component is approximately constant wdth 
increasing c.d. so that it is unlik^y that there is a notable contribution 
from resistance error to this result. 

(c) The Tafel equation is applicable in all syst e ms at the lower c.d. 
Slight negative deviations exist in aqueous and aqueous-dioxan solutions. 
The slopes of the overpotential /log c.d. curves are increased by the presence 
of either non-aqueous component but their general shapes remain the 
same. 

(d) Compared with the results for the I'ariation of hydrr^en over- 
potential on nickel in acetic acid-water and dioxan-water mixtures,* 
the ejSects of the solvent is Hi-mila-r up to about 50 % non-aqueous content. 
Whereas the hydrogen overpotenti^ thereafter b^ins to decrease with 
further increasing non-aqueous ccmtents, the oxygen overpotential in- 
creases slightly upon further addition of acetic acid or dioxan. 

(e) The re^ts do not support the quantum mechanical theory of 
oxygen overpotential * because, according to this, the overpotential 
should be either independent of ihe solvent or dependent, during variation 
of the solvent medium, primarily upon the solvation energy of the hydroxyl 
ion, according as to whether Gurney's '* interphase potential ” is taken 
to mean the metal-solution potential difierence at the working anode, 
or the anodic overpotential. The alteration of the solvent efiect with 
c.d., clearly marked for acetic add systems, does not support a simple 
dependence on solvation energy, which prol^bly does not differ greatly 
in the present systems from that in water.^* According to Eyring, 
Glasstone and Laidler's view that anodic overpotentials are due to the 
slowness of transfer of a proton from a water mblecnle attached to the 
anode to one in solution, the effects of a non-aqueous addition appear 
to be due to (i) a decrease in the energy of prototropic transfer at the 
snr&ce, (ii) a weakening of the force metal/proton owing to absorption 
of the non-aqueous component on the dectrode. Bol^ these effects 
would appear to indicate a decrease of overpotential upon addition of a 
non-aqueous component in contradiction to the results obtained. 

It may be suggested tentatively that the present results lend support 
to the catalytic mechanism for oxygen overpotential. If it is assumed 
that the slow stage is the combinatiou between atoms on the electrode 
surface, and that solvent molecules adhere to the surface by specific 
adsorptive, or ele c trostatic, forces, addition of acetic acid or dioxan 
causes replacement of some water molecules on the anode snr&M:e by the 
larger non-aqueous components so that the fraction of the cathode surface 
open for oxygen atom combination is less than before addition. Increase 
in overpotential, as reported here, wonld therefore be espected to take 
place, provided that no complex interactions between the adsorbed non- 
aqneons component and water occuixed. The increase of overpotential 
with increasing non-aqueous content might be expected to continue until 
the anode sur&ce is largely saturated with the non-aqueous component. 
It can be ^own that tl^ concept of adsorption of a comparatively large 
molecule on to the anode leads to a Tafel equation of increased slc^ in 
accmd with the results. 

* Foetster,* also observed Ibis time variation of oxygen overpotential and 
found that tmw constancy was reached after approx. 22 hr. After 2 hr. however, 
the total vaxiatioo. only amounted to zo-20 mv. which is within the limit of 
xeprodudlnlity. Bowden.^ does not xcrort any variation with time during 
me asurements at any given c.d. and it m^s not seem dear from his papers at 
what time after the commencement of pblaiisation at a given c.d. were the 
measuvements of overpotential made. 
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Summary. 

1. The ox}'gen overpotential on smooth platinum has been measured 
at current densities between io“* and lo-^ amp./sq. cm, in m. HoSO* 
solutions in acetic acid-water and dioxan-water mixtures at room 
temperatures. 

2. Addition of either non-aqueous component causes the overpotential 
to increase rapidly at first and then more slowly, to\rards an apparent 
maximum in iiie case of the dioxan system, this behaviour being the same 
at all c.ds. within the range examined. The slopes of the Tafel lines are 
increased by the presence of either non-aqueous component, being 
approximately doubled in the presence of acetic acid. Time affects are 
qualitatively independent of the solvent. 

3. The results do not find direct interpretation on the slow discharge 
or reaction-rate theories of overpotentiid. A cataljrtic mechanism is 
suggested. 

R68um6. 

(1) Le survoltage d'oxyg^ne sur le platine poli a dt6 mesur6 k des 
densit6s de courant de io~' k zo~* amp./cm.* da^ des solutions molaires 
de SO4H1 dans des melanges acide ac6tique-eau et dioxane-eau k la 
temperature ordinaire. 

(2) L’addition de chacun des composes non aqueux provoque un 
accroissement du survoltage, rapide an debut, puis plus lent, vers un 
maximum apparent dans le cas du systeme dioxane ; I’aUure du phe> 
nomene reste la mdme pour toutes les densites de courant dans la gamme 
examinee. Les pentes des lignes de Tafel sont accrues par la pi^sence 
de chacun des composes non aqueux et sont approximativement doubiees 
par Tacide acetique. Qualitativement, Tefiet du temps ne depend pas 
du solvant. 

(3) Les resultats ne peuvent etre interpretes directement d’aprks les 
theories du survoltage fbndees sur la decharge lente ou sur la vitesse de 
reaction. Un mecai^me catal}dique est suggere. 

Zusammenfassung. 

(1) Die SauerstoffUberspannung an blanken Platinelektroden in 2 norm. 
Ldsungen von Schwefels&ure in EssigsSLure — ^Wasser und Dioxan — Wasser 
Gemisbhen wurde bei Stromdichten zwischen zo~* und 10-^ A/cm.* und 
bei Zinunertemperatur gemessen. 

(2) Die Hinzufilgung des nichtw&sserigen Bestandteils dieser LOsungs- 
mit^gemische ruft einen zunkchst ra^hen und dann langsamer werdenden 
Zuwadis der Uberspannung hervor. Bei den Dioxangemischen tritt 
dabei bei alien untersuchten Stromdichten ein Maximum auf. Die 
Gegenwart des nichtw&sserigen Lbsungsmittels vergrSssert die Steigung 
der Tafel'schen Linien ; ungeffthr zweiffudi im Fall von Essigskuie. Dor 
zeitliche Verlauf der Vorgange ist im grossen und ganzen unabh&ngig 
vom LSsungsmittel. 

(3) Die Eigebnisse kdnnen nicht ditekt durch die Theorie der langsamen 
Ab^eidung Oder die Reaktionsgeschwindigkeitstheorie der Uberspannung 
erklftrt werden und es wird ein katalytischer Mechanismns vorgeschlagen. 

Department of Inorganic and Physical Chemistry, 

Imperial CoUege, 

I^ndon S.W.j. 



OXYGEN OVERVOLTAGE. 

PART I. THE INFLUENCE OF ELECTRODE 
MATERIAL, CURRENT DENSITY, AND TIME 
IN AQUEOUS SOLUTION. 

By a. Hiceling and S. Hill. 

Received yrd Fdyruary, 1947. 

Although a number of measurements of oxygen overvoltage have been 
made,^ there exists no comprehensive set of generally acceptable values 
and the dependence of the overvoltage upon experimental variables is 
somewhat obscure.* This unsatisfactory position, which prevents any 
useful consideration of the mechanism of the anodic evolution of oxygen, 
seems to be due to the difficulty of obtaining reproducible results in the 
measurement of oxygen over\*<^tage, and in particular to the marked 
variation of the potential with time of polarisation which has been com- 
mented upon by many workers.* In the present investigation a thorough 
survey has been made of the conditions necessary to obtain r^nroducible 
ox3rgen overvoltage measurements, and an experimental method has been 
dev^ped which gi\'es reliable \'alues. This method has been applied to 
study the behaviour of twelve different anode materials in alkaline solution 
over the current density (c.d.) range 10-* to i amp./sq. cm., and the 
magnitude of the oxygen overvoltage in each case and its dependence upon 
the nature of the electrode material, upon c.d., and upon time have b^n 
determined. 


Experimental. 

General Conditions. 

Electrolyte.^ — The choice of electrol3rte was governed by the following 
considerations : to permit the use of a wide variety of metals as anodes, 
an alkaline electrolyte in which they would readily become passive was 
mecessary ; further it was desirable that it should be a good conductor 
to minimise resistance errors and heating effects at high currents ; finally 
to limit the possibilities of anodic reactions it was considered that the 
hydroxyl ion should be the main anion present, and its concentration should 
be adequate to minimise any concentration polarisation ^ects. n. potas- 
sium hydroxide solution satisfied these conditions and was adopted as 
the general dectrol}i:e to be used. 

Reference Electiode. — The potential of the reference electrode 
relative to the theoretical reversible oxygen potential had to be known 
with accuracy, and to avoid Uquid-junction potentials it was desirable that 
it should be set up in the main electrolyte used. The hydrogen dectrode 

* Coehn and Osaka, Z. anorg. Chem., 1903, 34. 86 ; Foerster and Fignet, Z. 
Elebtrochem., 1904, 10, 7x4 ; Westhaver, Z. physik. Chem., 1905, 51. 65 ; New- 
hexy, /. Ch^. Soc., igx6, 109, 1066; Knobd, Caplan and Eiswman, Tram. 
E/^^oehem. Soc., 1923, 43, 55 ; Onoda, J. Chem. Soc. Japan, 1922, 43, 782 ; 
Z. anorg. Chem., 1927, i6g, 79 ; Bowden, Proe. Roy. Soc. A, 1929, ia6, 107 ; 
Thompson and Kaye, Trans. J^ectrochem. Soc., 1931, 60, 229 ; Hoar, Proc. Roy. 
Soc, A, 1933. 143. 628 ; Garrison and Lilly, Trans. Electrochem. Soc., 1934. 65. 
275 ; Boitw and Yaxnpolskaya, /. Physic, Chem. U.S.S.R., 1937, 9> 7^3 • 

and Gaup. Z. El^irochem., 1939, 45, 290 ; Thompson and Sistaie, Tram, Electro- 
cbem. Soc., 1940, 78, 259. 

* Cl Glasshme, EUctrochemistry of Solutiom (1937), p. 492 ; Bowden and 
Agar, Ann. Reports, 1938, 35, 101. 

* Cf. Foerstar and Pwuet, Im. Foerster, Z. physih. Chem., 1909, 69, 236 ; 
Westhaver, Joe. eft.* ; Hcheta, /. Gen. Chem. U.S.S.R., 1931, i, 377. 
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fulfilled these requirements and was therefore employed. The e.m.f. of 
the hydrogen-oxygen cell was tak«i to be 1-23 v. at 20° c., and this value 
used in calculating the oxygen overvoltages. 

Preliminary Investigation. — To determine the best conditions for the 
measurement of oxygen overvoltage, an extensive series of observations 
was made using platinum and ni<±el anodes in KOH saturated with 
oxygen, and employing a simple potentiometer circuit. Both sheet and 
wire anodes were used of areas varying from o*i to 10 sq. cm., and with 
nickel the electrodeposited metal was also studied ; various methods of 
cleaning and treatment prior to use were investigated. From these ob- 
servations the following points emerged. 

(а) The potential of t^ polarised anode tended to increase considerably 
with ^rni* of polarisation, but in general a steady value was attained after 
a sufficient length of time ; this value was reasonably constant (changing 
by less +>^an o*oi v. in 30 min.) and in separate experiments, starting with 
freshly prepared electrodes, was fairly reproducible. 

(б) Relatively mild cleaning of the electrodes in add solutions, such 
that any surface oxides were removed without the underlying metal being 


attacked, gave the most re- 
produdble results ; heat treat- 
ment was definitely unfavour- 
able. 

(c) With nickel, the 
electrodeposited metal, plated 
under stimdard conditions on 
to platinum, gave rather more 
reprodudble residts than 
dhOfarent specimens of the 
massive metal, although the 
values were of the same 
general order. 

(i) With electrodes of 
difierent areas at the same 
c.d. the values were reason- 
ably consistent, any variation 
being not more than might be 
expected owing to non- 



Fig. I. — ^Electrolytic cdL 


uniform current distribution 


at the largest electrodes, showing that area is itself without fundamental 
influence. 


(fl) At the highest c.d. of i amp./sq. cm. the overvoltages seemed 
abnormally high compared with those obtained at lower c.d.'s, and were 
also unsteady, suggesting that some resistance error was being included in 
the direct method of measurement used. 


In the light of these observations the following conditions were chosen 
for the systematic investigation. 

The Cell. — diagram of the cell finally adopted is shown in Fig. i. 
It consisted of a squat ‘glass jar (2^ in. diam.) of about 300 ml. capacity 
fitted with a mbbw bung which cmried the various components. These 
comprised an inlet and outlet tube for oxygen which was bubbled con- 
tinuously through the anolyte producing a measure of stirring ; a thermo- 
meter; the ca^ode compartment wMch was an open-ended glass tube 
enclosing a i sq. cm. platfaum wire spiral cathode ; a short len^h of wide 
glass tubing in which the anode was mounted independently so that it 
could readily be removed without dismantling the cell ; and a hydrogen 
electrode of the Hildebrand type which was enclosed in an outer jacket 
drawn out into a tube which was bent so that its capillary tip just touched 
the bottom edge of the anode used. The oxygen which was bubbled 
throuhg the anolyte and the hydrogen for the reference electrode were 
obtain^ by the electrolysis of 20 % NaOH in an electrolytic generator 
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fitted with Monel metal electrodes, and were washed with n. KOH before 
introduction into the cell ; trial experiments in which hydrogen was bubbled 
vigorously around a working anode (polarised at a low c.d. so that the 
effect might be expected to be large) showed that the potential was un- 
affected, so that any hydrogen reaching the anode from the cathode or 
reference dlectrode 1^ dissolution in the anolyte could be taken to have 
no effect. The cell was mounted in a bath of paraffin oil and was surrounded 
by a glass spiral through which water was circulated from a thermostat 
maintained at 20^* c. ; all observations were meule with the anolyte at a 
temperature of 20 ± i® c. The dectrolyte was made up from A.R. KOH 
and 275 ml. used in the cell ; it was changed in all cases before using a 
different anode. 

Anodes. — ^The following anode materials have been used : Ft, Pd, 
graphite, Ag, Cu, An, Fe, Co, Ni, Pb, Cd, and platinised Pt. Of these, Pt, 
Fd, and graphite were used in the massive form, and the remainder in the 
form of thin coatings electrodeposited on platinum ; the graphite electrodes 
were machined from a block of good quality Acheson grapMte. Two sizes 
of electrode have been used with each material of areas o-i and 10 sq. cm. 
respectively; the convenient current range with the electrical circuit 
emploj’ed (%'ide infra) was 10-* to io~^ amp., which permitted observations 
to be made with the large electrodes at c.d.’s of io-“ to lo-* amp./sq. cm., 
and with the small electrodes at c.d.'a of io-“ to 1 amp./sq. cm. The smooth 
Pt electrodes were sealed directly into glass tubes with the requisite areas 
exposed; the electrodeposited metals were plated under standard con- 
ditions on to the Pt electrodes (in some cases after previous Cu plating) 
to form smooth coatings (except for platinised Pt) approximately 0-0005 in. 
thick which were microscopically examined for completeness before use. 
The Pd and graphite electr<^es were sealed into glass tubes so as to expose 
the appropriate areas using " Alkathene " as a siding material. After use 
the anodes were cleaned in acid solutions and thoroughly washed with 
water ; the add treatments adopted were as follows ; Pt and platinised 
Pt — hot 10 N. HCl (with platinised Pt this was preceded by cathodic 
polarisation which experience showed was necessary to restore the metal 
to its original condition) ; Cu, Au, Ni, Co, and Ag— cold 2 n. HQ (with Ag 
the dectoode was fast washed witii 2 n. NH4OH) ; Pd — cold 2 n. HaS04 ; 
Fb. Cd, and Fe — cold 2 n. CHaCOOH ; the graphite anodes were clWned 
merely by long standing' in distilled water. The electroplated anodes were 
stripi^ and replated as soon as the surfaces showed signs of deterioration. 

Electrical Circuit. — ^To avoid the posmlnlity of resistance errors and 
to obtain information about the decay of oxygen overvoltage, the inter- 
rupter method * of potential measurement was used. The electrical circuit 
was fundamentally the same as that previously used in the study of 
hydrogen overvoltage.^ In the present instance the interrupter was 
supplied with current from a 120 v. accumulator battery, the current being 
varied at will between o and o-i amp. by means of a Variac transformer 
which controlled the filament heating current of the interrupter valves. 
The interrupter provided usable current interruptions of between 4 x io~* 
and 20 X io~* sec., and was normally operated at between i and 5 inter- 
ruptions per sec. The maximum and minimum potentials were measured 
in the us^ way with the thyratron potentiometer-voltmeter circuit to the 
nearest o-oi v. 

General Experimental Procedure. — ^After the electrolyte had been 
brought to the correct temperature and saturated with oxygen, and the 
h3rdi^^ dlectrode had been checked against a saturated caloi^ electrode, 
the tc^hly cleaned anode was introduce and its static potential measured 
with no current flowing ; this served as a <ffieck of the virgin state of the 
anode. The polarising current was then started and a fnrt^r observation 

*Hicklmg, Trans. Farad^^ Soc., 1937, 33, 1540. 

* Hickting and Salt, ibid., 1940, 36, 1226 ; r94i, 37, 450. 
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made after about i min, had elapsed. The interrupter was then switchep 
on, set at a time of interruption of 8*2 x 10-* sec., and observations of the 
maximum and minimum potentials made at frequent intervals until the 
latter became steady, the polarising current being kept constant through- 
out.* When this point was reached the following measurements of an^e 
potential were made : (a) the full anode potent^ by the direct methoo 
without the interrupter functioning, (b) its maximum value with the in- 
terrupter working which was, as expected, usually identical with (a), ana 
(c) the minimum potentials with interruptions of 4-1, 8-2, 16, 33, 49, 66 
anH 82 X io“* sec., these being then extrapolated graphically to give the 
potential at zero time of interruption. Polarisation was then continued 
for a further 30 min., and the observations again repeated ; if the change 
of potential in this time was less than o-oi v. it was considered that the 
electrode had reached a satisfactorily steady state. A full observation o.. 
the decay of oxygen overvoltage over periods up to 100 sec. was then 
made ; ’ times up to 20 x io~* sec. were obtained using the interrupter, 
and for longer periods the polarising current was switched oS by hand and 
the time taken for the potential to reach a value previously set upon the 
thyratron potentiometer was noted. 

" Observations of the overvoltage as measured by the direct method and 
by the extrapolation method have both been recorded in each case in the 
table of results {vide infra). Up to and including a c.d. of 10-* amp./sq. cm. 
there was no appreciable difierence between the results by the two me&ods, 
but at higher c.d.'s there seems to be no doubt that the extrapolated values 
are the more correct and have therefore been preferred ; the direct values 
were abnormally high compared with those at lower c.d.'s (absurdly so in 
some cases at i amp./sq. cm.), and were often unsteady and poorly repro- 
ducible as compared with the extrapolated values. It should be noted 
that the rate of decay of oxygen overvoltage was usually comparatively 
slow, and little uncertainty was involved in the graphical extrapolation. 

In general, observations were made consecutively at c.d.’s of io“*, io“*, 
io“*, and io“* amp./sq. cm. with the 10 sq. cm. electrodes, and at c.ds. of 
io“®, 10-*, lo-^, and i amp./sq. cm. with the o*i sq, cm. electrodes, each 
c.d. being used in a completdy separate and independent polarisation of a 
freshly cleaned anode. Intermediate c.d.*s VTere used also where necessary 
to define the shapes of the overvoltage— log c.d. graphs. The agreement 
between the values at the same c.d. with different sized electrodes was good, 
indicating the reliability of the method, and a mean was taken in recording 
the results. After each series of experiments, duplicate runs were made 
with freshly prepared anodes at the lowest and highest c.d.'s, and the 
agreement with tee previous results used to give an estimate of the repro- 
ducibility of the overvoltage measurements with any one anode material. 

Results. 

Influence of Electrode Material and c.d. — In Table I are summarised 
the oxygen overvoltage values at the six standard c.d.'s for the twelve 
anode materials used, the latter being arranged alphabetically. The results 
corresponding to Method E are tee extrapolated values which are judged 
to be tee more correct and are used m all subsequent discussion ; the 
results corresponding to Method D eure the values obtained by the direct 
method of potential measurement and are inserted for comparison. In a 
few cases at very low c.d.’8 it was impossiblB to set up an oxygen overvoltage 
without prior polarisation at a hgher c.d. and where this has been done the 

* It was convenient practically to keep the interrupter operating at a short 
period of interruption throughout the polarisation, and check experiments 
showed that this had no effect upon tee variation of overvoltage with time, or 
the time required to reach a steady.state. 

* A fnU account of the decay of oxygen overvoltage will be published in a 
later paper. 
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results are marked by an asterisk. With copper and silver at low c.d.’s, 
the anodes gave some evidence of reaching pseudo-stationary states prior 
to the values ultimatdy obtained on prolonged polarisation, and the over- 
voltages corresponding to thsee are inserted in brackets. In Fig. 2 the 

TABLE I 


Ozygan Ovarvoltages (v.). 


Bleetioda 

Matedil. 

0.4. amp./ 
•q. cm. 

IO-*. 

JOT *. 

IO-». 

I0r-». 

lo-i. 

1 

Repro* 

dnd' 

famty. 


■ 




■ 

H 

Cadmium 

£ 

B 

0*67 

0*80 

0*96 

1'21 

1 ' 2 I 

±0*02 


D 


0-67 

0*8 1 

0*97 

I'27 

2'50 


Cobalt . 

E 

0*27 

0*32 

0*39 

0*46 

0-54 

0'6i 

dbO'OX 


D 

0*27 

0*32 

0*39 

0*46 

0-54 

0*83 


Copper 

£ 

0-32* 

( 0 * 34 )* 

(0-42) 








0 * 49 * 

0*58 

0*66 

0*73 

0*77 

± 0 ‘ 0 X 


D 

0 - 33 * 

( 0 * 34 )* 

( 0 * 43 ) 








0*30* 

0-59 

0-67 

0*77 

I‘02 


Gold . 

£ 

0-73 

0*93 

0'g6 

l'05 

1*53 

1-63 

= 0*01 


D 

0-73 

0*93 

0*97 

l'o6 

1'58 

2*89 


Graphite 

£ 

0-31 

0*37 

0*50 

0*96 

l'I 2 

2*20 

±0*03 


D 

0*31 

0-37 

0*50 

0*98 

I'X 7 

ca. 20 


lion 

£ 

0*35 

0*37 

o*4X 

0*48 

0*56 

0*63 

d:0*0I 


D 

0*35 

0*37 

0*41 

0*49 

0*57 

0'92 


Lead . 

£ 



o*8o* 

0'97 

I'02 

1*04 

±0'03 


D 


WSM 

o*8o* 

0*97 

1*04 

i '35 


Nickel . 

£ 

0*32 

0-45 

o*6o 

0*75 

0*91 

1*04 

d:0'02 


D 

0*33 

0*46 

o*6i 

0*76 

0-93 

1*24 


Palladium 

£ 

0-39 

0*48 

0*89 

X'OX 

I'X 2 

X *28 

±0*02 


D 

0*39 

0*48 

0*89 

X *02 

i'i 5 

I'72 


Platmmn 

£ 

O’sa 

o*8o 

I'll 

I '32 

i '50 

1*55 

a: 0*01 


D 

0*52 

o*8o 

I'll 

1*33 

I '56 

2*02 


Platinised 

£ 

0*21 

0*32 

0*46 

0*66 

0*89 

I'I 4 

±0*01 

platinum . 

D 

0*21 

0-32 

0'46 

0*66 

0*90 

1-43 


Silver . 

£ 

(o*oo) 

(o*oi) 








{ 0 - 20 )* 

(0*28) 

(0*24) 







0*41 ♦ 

0*45 

0*60 

O' 71 

0-94 

i'06 

±0*03 


D 

{o*oo) 

(0’02) 








(o*20)* 

( 0 ‘ 29 ) 

(0*27) 







0*41* 

0*46 

0'62 

0-77 

1'05 

1*99 



results are graphically represented by plotting overvoltage against log ib 
c.d., numerous overroltage determinations at intermediate c.d.*s having 
been made where nec^eaiy to define the shapes of the corves. The dotted 
sections in the curves represent tiie joining up of points which were ob- 
tained after prepolansation at higher c.d/8 

Of the anmes used, Ki, Fe, Ft and platinised Pt suftered no appreciable 
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attack and were substantially unchanged in appearance after polarisation ; 
with Co a dark brown deposit formed on the anode at all c.d.'s. Gold was 
unchanged in appearance on polarisation at low c.d.’s, but at 2 x io“* 
amp./sq. cm. and higher values the anode developed a reddish-brown 
appearance. With Pd there was no change in the appearance of the 



anode at c.d.'8 lower than io~* amp./sq. cm., but at h^her values a golden- 
brown deposit formed on the suiieu%. Graphite sufEered no appreciable 
attack at low c.d/s. but at io~^ amp./sq. cm. and higher values surface 
became badly pitted and the electrolyte was found to have an abnormally 
high carbonate content. At very low c.d.'s Cu became coated with a black 
deposit which generally disappeared on prolonged polarisation, the anode 
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then appearing reddish-bro'wn ; it was observed that some copper entered 
the solution and was deposited at the cathode. Ag became covered with 
a gre3rish-black deposit at all c.d/s ; and at high c.d.'s some silver dissolved 
in the electrolyte. The Cd anode was severely attacked on polarisation ; 
the surface was progressively oxidised (colour changes of brown to greyish- 
green to yellow), and the oxide coatings tended to peel away exposing the 
metal to fresh attack ; no value for l^e overvoltage at io~‘ amp./sq. cm. 
could be obtained. IHie Fb anode was also severely attacked and at low 
c.d.'s merely dissolved ; at lo-* amp./sq. cm. and higher values a brown 
coating formed on the electrode ; tl^ took place in two stages following 



rapidly on one another and corresponding to the two stages in the rapid 
potential zise shown in the overvoltage-tizne graph (see Fig. ^d). 

Influoice of Time.— Graphs of overvoltage plotted against time of 
polarisation wrere obtained for every anode mat^ial at each c.d. From 
these four difierent types of behaviour could be distinguished. 

(a) The most common bdiaviour was that the overvoltage rose from 
the start of polarisation, at first rapidly and then more slowly, until it 
ultimately approached a steady value. The time taken to reach constancy 
varied widely in different cases, between about 30 min. to 4 hours, and was 
in general greater the lower the c.d. A typical example is illnstrated in 
Fig. 30, in which overvcdtage-tune carves for platinised Pt at c.d.'s of 
10-*, io~*, and X amp./sq. cm. are shown. 
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(6) A much less frequent behaviour was that the overvoltage was 
initially higher than the final value to which it decreased in a short time. 
This phenomenon was particularly shown by Pb and is illustrated in 
Fig. 3&, in which the polarisation curves at io~i and i amp./sq. cm. are 
shown. 

(c) Where an electrode could manifest more than one overvoltage state, 
e.g. passed suddenly to a much higher overvoltage at a partic^r c.d. 
(cf. Pd Au), then at c.d.’s in the region of the critical value the variation 
of overvoltage with time was very prolonged. This is shown in Fig. 
by the graphs for Pd at c.d.'s of 10-*. 2 x io“*, and io“* amp./sq. cm. ; 
at the first and last of these c.d.’s the behaviour with time is quite normal 
and into category (a), but at the middle c.d. the variation of over- 
voltage with time is very prolonged and some 5-6 hours are required for 
a steady value to be attained. With Ag and Cu at low c.d.’s a somewhat 
aitwiiar phenomenon was displayed in which the ultimate steady overvoltage 
was preceded by one or more pseudo-steady values ; this is illustrated in 
Fig. 3c by a graph for Ag at io-< amp./sq. cm. 

(d) Where tlm electrode was one which was attacked and dissolved the 
potential was initially very negative, no oxygen overvoltage being manifest 
but after a time passivity usually set in and the anodic behaviour then f^ 
into one of the previous categories ; this is shown in Fig. 3d by the graphs 
for Pb at 10-* amp./sq. cm. and Cu at lo"* amp./sq. cm. 

Discussion. 

The results summarised in Table 1 and graphed in Fig. 2 show that the 
oxygen overvoltages at the anode materials studied are very substantial, 
and in general they are appreciably higher than corresponding hydrogen 
overvoltages. At io-‘ amp./sq. cm. no electrode shows a genuine over- 
voltage of less than 0*2 v., and at i amp./sq. cm. the overvoltages of all 
electives except Co, Fe and Cu are well over 1*0 v. and at Au, graphite and 
Pt reach very high values indeed. The dependence of overvoltage on c.d. 
varies so greatly with the difiEerent electrode materials that it is impossible 
to arrange them in any order of increasiog or decreasing overvoltage which 
will be generally valid. On the whole Fe and Cn display natively 
low overvoltages while those of Pt and An are high ; the position of the 
other electrode materials in the series depends very largely on the c.d. at 
which measurements are made. It may 1 m noted that if allowance is made 
for the fact that the real surface area of platinised Pt is very much larger 
*>ian that of smooth Pt (probably of the order of 1000 timira}, these 
materials do not seem to differ appreciably in their behaviour as regards 
oxygen overvoltage. 

It seems to have been generally assumed that the dependence of ox}rgen 
overvoltage {tj) on c.d. (/) is in accordance with Tafel's equation 

, = a 4. J log 7 , 

where a and h are constants, and it has even been suggested that in acid 
solution h has the same value as for hydrogen overvoltage.^ This con- 
dnsion appears to have been reached from results of a very few ex- 
periments in which platinum has been the sole anode material used over 
very limited ranges of c.d. and in wMch the importance of the time factor 
(^ide infra) has been l^ored. The present r^ults, as shown in Fig. 2, 
reveal a much more complicated state of affeurs. Over limited ranges of 
c.d., the graphs for Co, Fe, Ni, Pt, platinised Pt, Pd, Ag and Cu all show 
agreement with an equation of the Tafel type, but when the graphs are 
considered in their entirety a number of divergences are apparent. Thus 
at very low c.d.’s, there appears to be a general tendency for the over- 
voltag^ to approa^ constant Tninimum values ; this is clearly shown in the 
grap^ for Co, Fe, platinised Pt and Ag, and the same tendency can be 

* Cf. Bowden and Agar, Ann. Raports, 1938, 35, loi. 
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detected in other cases. At high c.d.'s. the graph for Pt also shows a ten* 
dency to approach a constant maxirnttin value. The most striking feature, 
however, is the stepwise nature of certain of the graphs. Thus at a c.d. 
of approx. io~> amp./sq. cm. the overvoltage at Pd changes abruptly by 
nearly 0*4 v., and the Tr-log I graph appears as two approximately straight 
lines joined by an ahno^ vertical section ; there appeoj^ to be some slight 
hysteresis in -^e change since after prepolarisation at higher c.d.’s the upper 
section of the graph could be slightly ext^ded in the direction of decreasing 
c.d. With An the i}-log I graph h^ Ihe remarkable form shown in Fig. 2 
and was quite reproducible ; no part of the graph seems to follow a Tafel 
equation, and at c.d.'s rather greats than io~* amp./sq. cm. there is a ste^ 
rise of overvoltage of about 0*5 v., it being possible in this case actually to 
obtain points on the steep section of the curve. Graphite gave a cui^'e of 
a somewhat Himilar type ; the reproducibility of the overvoltage measure- 
ments was poorer here than at the other anode materials studi^, but very 
numerous observations were made and these leave no doubt as to the 
general form of the graph. Ag and Cu electrodes also showed signs of a 
stepwise variation of overvoltage with c.d. but in these cases at very low 
c.d.'s ; thus from Table I it may be seen that several values of overv'oltage 
could be obtained according to time of polarisation and the pretreatment 
of the anodes. It seems most likely that these sudden changes of over- 
voltage with c.d. are associated with changes in the surfaces of the anodes ; 
thus, as already noted in the experimental section, with Fd at c.d.'s higher 
than lo'* amp./sq. cm. a golden-brown deposit formed on the surface of 
the anode, while with Au at 2 x io~* amp./sq. cm. and higher c.d.'s the 
anode developed a reddish-brown appearance. For com^eteness the 
graphs for Fb and Cd are included in Fig. 2, but it is very doubtful what 
sig^cance can be attached to them, since both these anodes were severely 
attacked during use. 

It must be concluded, therefore, that the TaM equation 1; =» a 4- 6 log I 
has only a limited appli(»,tion to oxygen overvoltages in alkaline solution 
and is hur from giving an adequate d^criptiou of the depradence of over- 
voltage upon c.dL In the cases where it does apply it is of some interest 
to evaluate the constant b, and from the present experiments the following 
results are obtained : 

Fe 0*07, Co 0*07, Cu 0*07, Fd (low c.d.*s) o*o8, Pd (hi£^ c.d,*8) 0-13, 
Ni 0*15, Ag 0*15, platinised K 0*24, Pt 0*30. 

It should be noted that none of these values is iu dose agreement with 
or shows any simple zelatiou to the quantity 2*302 x 2RTIF, i.e. 0*12 
at 20° c., which some workers consider of fundamental importance in 
connection 'vrith b. 

The present work has shown that in practically all cases a considerable 
period of polarisation at constant c.d. is requir^ for a steady \'alue of 
oxygen overvoltage to be reached. The importance of this hictor in 
determining the conditions necessary for satisfactory measurements of 
oxygen overvoltage cannot be too greatly emphasised, but almost without 
exception it has been consistently ignor^ by previous workers and this 
baa no doubt greatly contributed to what appears to be a general belief 
that it is extremely difficult to obtain reproducible values for oxygen over- 
voltage. Thus, in the method of measurement which appears to have 
been generally adopted, observations of i>otential have b^ made at a 
series of increasing or decreasing c.d.'s, the time of polarisation at each c.d. 
being either left qmte indefinite or fixed at some arbitrary period.* This 

* Thus Knobd, Caplan and Eiseman {Trans, Elsctrochsm. Soc., 1923, 43, 55) 
made a &diiy extensive survey of oxyge n ovmrvoltages at several eledxod» in 
X. KOH over fairly wide c.d. ranges ; they used the dic^ method of measurement 
and m easu r ed the potentials at a series of ascending c.d.'s. an arbitrary time of 
1 i»m. bring alloaaa at eadt oji. Comparison ot thdr xesnlts with thiose obtained 
in the pre s en t investigation shows that wbece conditions are sndh that the over- 
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procedure is completely unsatisfactory in that the state of polarisation of the 
electrode is changing progressively with time throughout the series of 
measurements, and any overvoltages so determined are characteristic 
neither of a virgin anode nor of a fully polarised anode, nor can the \'alues 
at different c.d.'s be feiirly compared with one another. On the other 
hand, the procedure adopted in the present investigation, in which a 
virgin anode is used at every c.d. and polarised until a steady potential 
is reached, has given uniformly satisfactory results, although it is very 
laborious and time consuming ; as indicated in Table I, the results are 
very closely reproducible. 

It is not desired at this stage to advance any general theory of the 
TTiwriiftTiiRm of oxygen over\’oltage ; until the effects of other \’ariable 
factors such as concentration and nature of electrolyte, hydrogen ion con- 
centration, temperature, etc., which are at present under investigation, 
have been determined, any attempts at speculation seem to the present 
authors to be premature. 

One of the authors (S. H.) gratefully acknowledges financial assistance 
received from Peter Spence and Sons Ltd. during the course of this work. 

Summary. 

1. Oxygen overvoltage measurements have been made in the c.d. 
range io~‘ to x amp./sq. cm. for tw^ve anode materials in an aqueous 
solution of N. KOH by an experimental method which gives closely re- 
producible results. 

2. In nearly all cases appreciable time is required for overvoltage 
equilibrium to be set up, and the importance of this factor in determining 
the conditions for satisfoctory ov^voltage measuiements to be made is 
emphasised. 

3. Ox3rgen overvoltages at all the anodes studied are substantial and in 
general lugher than the corresponding hydrogen overvoltages. The de- 
pendence of overvoltage upon c.d. varies so greatly at the different anodes 
that it is not possible to arrange them in an order of increasing or decreasing 
overvoltage which will be generally valid. 

4. Over limited ranges of c.d. Tafel's equation applies to certain of the 
anodes, the ffictor h varying between 0*07 and 0*3 at different electrodes, 
but it is inadequate as a general desciiiAion of dependence of over- 
voltage upon c.<L Some anodes show no agreement with the equation, 
and even where it is appxoximatdy obe3md -^ere are discrepancies at low 
and high c.d.*s 

5. With certain anodes, notably palladinm, gold and graphite, sudden 
chafes of overvoltage occur in critic^ c.d. regions. 

R6sum6. 

Le survoltage d'oxygtoe pour 12 anodes en diff&rentes mati^res dans 
une solution aqueuse normale de KOH a 6td mesnrd de faQon repro- 
ductible avec des density de conrant allant de io~” h i amp./cm.*. Le 
survoltage d'oxyg&oie est en ghi^^al sui> 4 iieur k celui d'h3^dit:^&ne et la 
valeur d'^quilibre est atteinte lentement. En tant que description 
g^n^rale dn survoltage en fbnction de la density de conrant, I'^quation de 
Tafel se T^v&le inad^nate, bien qu'elle puisse 3 tre appliqn6e k certaines 
anodes dans un domaine limits de density de conrant. On note des change- 
ments brusques de survoltage dans des zdgions critiques de la densit6 de 
conrant, notamxnent poor les anodffl ^ Pd, An et graphite. 

voltages do not vary very greatly with time tibe agreement is reasonably good, 
but in other cases their ^ues are wiiMy different from the final steady -^ues 
reached in the present work. It is of interest to note that their values for An 
indicate a dependence upon c.d. similar to that now found, alihon^ they do not 
comment sp^nally upon this. 
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Zusammenf assutig . 

Reproduzierbare Messungen der Sauerstofftiberspaimimg an zwdlf 
veischiedenen Anodensubstanzen in. 'VT&sseriger norm. KOH bei Strom- 
dichten. von io“= bis i A/cm* werden berichtet. Im allgemeinen ist die 
Sauerstoffliberspannung, deren Glmchgewichtswert nnr langsam erreicht 
\drd, hbher als die Wasserstofffiberspannnng derselben Elektrode unter 
den gleichen UmstSnden. Tafel’s Gleichnng fttr die Beziebung ZMidschen 
'Cberspaimung und Stromdichte wnrde als unznreicbend gefnnden, obzwar 
sie fiir bestdnunte Anoden in einem bescbrSnkten Stromdicbtenbereicli 
gflltig ist. Bei bestimmten kritischen Stromdichten warden pldtzliche 
Ver&ndemngen der Oberspannung beobachtet, besondeis fiir Anoden aus 
Pd, An nnd Graphit. 

Department of Inorganic and Physical Chemistry, 

Liverpool University. 


THE ENERGY OF ACTIVATION IN THE 
ELECTRODEPOSITION OF OXYGEN. 

By H. P. Stout 
Received aist February, 1947 

The electrodeposition of oxygen at platinnm anodes has been in- 
vestigated in acid solution by Bo\^n * and in alkaline solution by Hoar.* 
In both cases the kinetics of the reaction conformed to the usual equation 
for activation overpotcmtial, 

jRT 

= const. 4- -^log i 

where -q and i are the ovetpotential and the current density respectively, 
and a is a constant. 

In acid solution a is equal to 0*5 and is independent of pH, but in alkaline 
solution the value is genially higher and Bowden and Keenan * have found 
that it increases steadily with increasing pH, becoming as great as 1.7 in 
14 N. NaOH. This difEerence su^^ests that the rate^etermiong process 
is different in acid and al k aline solution, in which case it would be expected 
that the energies of activation at the reversible potentials would be different 
iu the two solutions. The energy of activation for deposition on platinum 
hrom N./5 sulphuric acid is 18*7 kcat at the reversible potential of 0*9 v. 
against a saturated calomel electrode (S.C.E.) at a temperature of 35° c.,^ 
but no measurements appear to have been made for alkaline solutions, 

A determination of the energy of activation for deposition on platinum 
from N./io NaOH was therefore made using the method and apparatus, 
described previoudy.* The energy of activation at constant current was 
there given as 



V being the electrode potential, and its evaluation requires a knowledge 
of {dVIdTU and a. 

The value of (d 7 /dT)« was obtained by alternately heating and cooling 

^ Bowden, Peoc. Roy. Soc. A., 1929, lad, 107. 

* Hoar, iM., 1933, 142, 628. 

* Bowden and Keenan (unpublished). See also Keenan, Dies. (Cambridge, 

1936)- 

* Stout, Trans. Faraday Soc., 1945. 41, 64. 
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the electrode over a range of temperature from about 18’ to 32" c., the cur- 
rent being held constant, and plotting the variation ivith time of both 
electrode potential and temperature. The potential ivas measured against 
a saturated calomel electrode, and the temperature by means of a thermo- 
couple in good thermal contact with the electrode. The mean values of 
the potentials at 20“ and 30° c. were read off from the graphs, and the mean 
values of dK/dT calculated over this temperature range. Table I gives 
the \*alues so obtained for four different platinum electrodes. The mean 
value of { 6 .V/dT)t is therefore — 2-2 * mv./® c. at 25° c. and a potential 
of 0*64 V. against saturated calomel. The value of a was obtained from 
the slope of the potential-log c.d. curve at 25“ c., using the same electrodes. 
A typical curve is diown in Fig. i, and the mean v^ue of a for the four 
dei^rodes was 1*0. 

On iTigftT - Hng the above values of a and (dF/dT), in the expression for 
the energy of activation, this becomes 15-4 kcal. at 25“ c. and 0*64 v. 
against a S.C.E. The reversible potential in this solution was 0*21 v. 
against a S.C.E., and as it has been shown by Bowden ^ that the energy of 
activation varies with the electrode potential as — ciAVF, AV being the 
increase in potential, it follows that this energy at the reversible potential 



Fig. I, 


is 25*3 k(^. The energy of activation at the reversible potential in alkaline 
solution is thus appreciably greater than the corresponding value in acid 
solution, in agreement with &e view that the rate-determining processes 
are different in the two cases. 

I diould like to thank Dr. F. P. Bowden for his advice and ciitidsni, 
and the Chemical Society for grants for apparatus. 

Resume. 

Les tiavaux publics aur le ddpdt dectrolytique de I’oxjgfene h des 
dectrodes de platine, sugg&rent que la reaction suit un cours different, 
selon qu'elle a lieu en milieu adde ou alcalin. On pourrait s'attendre 
par consequent h ce que rdnergie d'activation soit diffdrente dans 
deux cas ; c’est bien ca que montre la comparaison entre la valeur connue 
de i 8*7 kcal. au potentiel idversible dans des solutions N/5 addes et la 
valeur rdcemment obtenne au potentiel reversible dans des solutions n/io 
alcalines. 

Zusammenfassung. 

Verdffentlichte Arbeiten liber die eldrtxolytische Abscheidnng von 
Sauerstoff an Pt-Elektroden weisen daranf bin, dass die Reaktion in 
sanren nnd alkaltschen Ldsnngen versduedenar^ verlguft, wonach an 
erwarten ist, dass die Aktivierungsen^gie in den zwdl Fallen vetschieden 
iat. Im Einklang damit ist diese 18*7 kcal. fur das reversible Potential 
in 0*2 norm. Same, wog^en jetzt gefnnden wird, dass sie fiir das re- 
versible Potential in o<i norm. Lauge 25*3 kcaL betiagt. 
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GENERAL DISCUSSION. 

Prof. N. K. Adam {Southampton) said : I am not sure that the occurrence 
of the Kolbe or Crum Brown and Walker syntheses at an anodic potential 
0*4 or 0*8 V. more positive than that required for oxygen evolution is 
very “ anomalous The overpotential at metallic anodes generally 
increases if a surface film is formed on the anode ; in Fig. 3 of Hickling 
and Hill's paper, the potential of copper increases sudde^y by about 
0*9 V. ; and of lead by no less than about 2*0 v., at a cert^ stage of 
oxidation. If a surface film of acetate ions were formed, sufficiently com- 
pact to prevent naany hydroxyl ions reaching the anode, then these would 
be discharged in prefei^ce to hydroxyl ions and the Kolbe synthesis 
ought to t^e place instead of oxygen evolution ; similarly strong adsorp- 
tion of the half-ester ions would result in the Crum Brown and WaJk^ 
S3mthesis. There is obviously some obstruction to the discharge of the 
hydroxyl ions and this would seem most easily provided by a strongly 
adsorb^ film of the organic ions. Possibly manganese salts act by oxidising 
the organic ions. 

Dr. D. D. Eley (Bristol) said : Like Prof. Adam, I would also suggest 
that physical adsorption of the acetate ion lies at the root of Dr. Hickhng’s 
problem. The acetate ion will be adsorbed by London forces and exclude 
hydroxyl ions from the electrode, an effect comparable with the raising 
of hydrogen overvoltage by paraffinic and other strongly adsorbed cations. 
Indeed, if one could find some cationic nitrogen or similar compound that 
would decompose on addition of an electron one might expect to find a 
complete parcel. 

Ihe effect of increased temperature would be to desorb the acetate ion 
and then to permit the discharge of hydroxyl ion. It would be inter- 
esting to know how the higher acids behave ; do they ^ow an efficiency 
which parallels their effect on the surface tension of water ? For a com- 
plete cessation of hydroxyl discharge it would be necessary for the fatty 
ions to pack closely on the elective surffice and ions such as citrate, 
which Dr. Hickling says do not inhibit oxygen evolution, may fail in this 
respect. 

In so far as the processes are not limited by diffusion to the dectrode, 
we should not e:q)ect the greater rapidity of the hydroxyl ion to lead to a 
displacement of &e adsorbed acetate layer, as mentioned by Prof. W3mne 
Jones. 

Prof. A. R. Ubbelohde (Belfast) said : With regard to the paper by 
Hickling, a question of fundamental interest for the ^eory of overpotential 
is whether this potential refers only to the primary electron-transfer 
reaction, or whether it includes subsequent reactions. For example one 
proposed mechanism for the Kolbe reaction involves the following : 

RCOO' -► RCOO -f c -j- AFi . , . . (i) 

RCOO -♦ R -)- COg AFg .... (2) 

2 R R, ( 3 ) 

It is not dear whether the overpotential associated with this mechanism 
is idated to the free energy change AFi or to AFx + AF|. An alternative 
mechanism following (1) is 

2RCOO -»■ (RCOO). -f- AF, . . . . (2O 

(RCOO), + 3H,0 2RCOOH -f H, 0 , AF4 . . (3') 

and provided that the free energy changes in reactions (z^) and (3') are 
to be added thermod3mainically to give the resultant overpotential, it 
can be understood why catalysts for the decomposition of hydrogen 
peroxide determine the actual overpotential set up. This formation of 
organic permddes may also occur from other ions prior to the h3«irolysis 
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to hydrogen peroxide. Some incomplete experiments suggest for example 

RO' RO + 

2RO —*■ R|Oj, 

where R is an alkyl radical. 

Dr. T. P. Hoar {Cambridge) said : Hickling’s description of the pre- 
ferential occurrence of the Kolbe and Crum-Brown reactions rather than 
oxygen evolution as “ anomalous *’ seems unnecessary. It is not in the 
l^st uncommon for a thermodynamically less easy reaction to occur more 
rapidly than a thermodynamically easier one ; and it is certainly not 
" axiomatic " that cathodic reactions occur in " thermodynamic " order 
— ^if it were, we should call the deposition of iron and zinc from gcid 
solutions " anomalous A fortiori, the Kolbe reaction is in fact thermo- 
dynamically easier than oxygen discharge in weakly acid solutions, the 
respective standard poten- 
tials (£a) being ca. — o-i6 ^ 
and -f i‘23 v. 

We may represent the 
state of a&^ in a 
schematic potential-c.d. 
diagram (Fig. i), showing 
E — i anodic polarisation 
curves for oxygen discharge 
(curves A, A') and for the 
Kolbe reaction (curves B, 

B'), each nnder conditions 
where the electrode pro- 
cess proceeds without any 
inhibition, i.e. at an 
unpoisoned " electrode, 
and also under conditions 
of electrode poisoning. 

This scheme shows how 
the main reaction at the 
c.d., «, can be oxygen dis- 
charge at -f- 2*0 V., if the 
Koll^ reaction is inhibited 
but ox;^en discharge is 
not; wlu'le the main re- 
action at the same c.d. can 
be the Kolbe reaction at 
+ 2*4 V., if oxygen dis- 
charge is inhibited but the 
KoIIm reaction is not. It 
is reasonable to suppose that oxygen discharge may be inhibited by the re- 
actants and/or intomediates and/or resultants of the Kolbe process ; acetate 
ions, acetate radicles and CO, may be expected to be readily adsorbed on the 
electrode surface and could well poison it for oxygen discharge. Such ab- 
sorbed layers, e.g. of acetate ions as suggested by Adam, would of coiuse be 
in a dynamically steady state with r^pect to whole system ; their re- 
moval by reaction or desorption would be balanced by further deposition. 
The Kolbe reaction may perhaps be inhibited by anodically deposited oxides 
of lead, manga ne se, etc., that do not much alter the activity of the electrode 
for oxygen discharge. 

Dr. F. Wormwell {Teddington) said: 1 do not feel competent to 
advance any detailed constructive suggestions for explaining the apparent 
anomalies raised by Dr. Kidding, but I should likft to mention several 

r Latimer, The Oxidation States of the EJemants and thHr Potentials in 
Aqueoiu Solutions (1938), p. r23. 
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points in the hope that they might stimulate useful lines of thought. The 
apparent n^lect of spatial factors has already been dealt -with by Prof. 
Adam. It would seem important, e^n when considering electrochemical 
phenomena, not to overlook the importance of spatial and kinetic hictors. 
Dr. Agar * has already stressed the danger of neglecting other variables than 
potential and current when considering the rate of an dectrode reaction. 

The examples given by Dr. Hickling involve the reactions of organic 
compounds. Is this signMcant, or are examples kno^\'n that involve 
only inorganic ions of smaller size than the organic ions quoted ? It 
wo^d also be of interest to know whether the nature of the dectrode metal, 
or of its surface preparation, has any induence on the reactions. In 
another connection. Dr. Hickling has stressed the desirability of studying 
anodic processes on other meti^. I should also like to suggest that a 
study of the mechanism of the inhibiting effect of manganous ions might 
throw light on the mechanism of the anomalous reactions. 

Dr. M. Haisainsky {Paris) said : The difficulties reported by Dr. Hickling 
in his paper on the anomalies of anodic reactions could perhaps be formu- 
lated in the follo^ring manner. Why in presence of acetate and ethyl- 
malonate ions the oxygen over\*oltage on a smooth platinum anode 
under some conditions, so large that reactions demanding very high poten- 
tials become possible ? The situation is then much less dramatic and the 
answer to tl^ question will perhaps be found when the effect of the 
addition of various substances on the oxygen overvoltage at different 
electrodes will be kno\\’n. As Hickling stated, our experimental knowledge 
of the oxygen overvoltage is as yet poor and unsatisfactory. One can 
hope the systematic research undertaken by Dr. Hickling and bis co- 
workera and by Dr, Bockris on this subject will help to overcome the 
difficulties repmied. 

Dr. J. N. Agar {Cambridge) {communicated ) : Any alteration in the 
potential of an electrode must he due to some change in the distribution 
of charged particles in the neighbourhood of the el^rtrode-solntion inter- 
face. It seems to be largdy a nmtter of convenience whether we picture 
the charge distribution (or the field and potential assodated with it) as 
controlling the reaction rate, or regard it as a steady distribution of ions 
and electrons establidied by the occurrence of the reaction at some specified 
rate. If the former point at view is adopted, however, the overall potential 
is only one of several ffictois that may affect the late ; as several speakers 
mentioned, adsorption and similar effects must be taken into account. 
It is worth noting that adsorption of ions or dipoles may not only block 
the available reaction sites but may' also alter the potenf^ gradient close 
to the interface, even though the overall metal-solution potential difference 
remains constant. 

Dr. A. Hickling {Liverpool) said : Adam's explanation of the anomalous 
anode potentials obs^'ed in the electrolysis of acetate and ethyl malonate 
solutions is a very plausible one, but I am not sure that it accounts for 
all the experimental observations. I would emphasise that the high 
potentials are obseived from the very' beginning of dectrolysis, so that it 
is not a question of a low potential process being replaced by a high 
potential one after a certain time. Aik}, at electikles where the Kolbe 
and Brown- Walker symtheses do not occur the oxy'gen evolution potentials 
are quite normal and it is difficult to see why adsorbed films of organic 
ions should not also be pr^nt in these cases. I feel very strongly my'self 
that the anomalies are of a more fondamental nature, and are bound up 
in some way with peculiarities in the discharge of hydro:^! ions. 

Prof. N. K. Adam {Soifthampton) said in reply to IBckling : No, I think 
collateral evidence would be necessary to account for the non-existence of 
a strongly adsorbed filtn of organic ions on gold and the other anodes on 
which the Kolbe synthesis does not easily occur. 

• This vol., p. 8i, para. i. 
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In reply to Wynne-Jones; I see no reason why, if organic ions ^ 
adsorbed initially, they should not continue to be adsorbed during 
electrolysis. 

Dr. T. P. Hoar [Cambridge) said: Hickling and Hill demonstrate 
the complexity of oxygen overpotential phenom en a, showing in par- 
ticular that the electrode maten^ exercises a profound influence. It is 
certain that in many cases the electrode surface becomes oxidised, often 
during the overpotential measurements, and that the so-called “ inert 
metallic basis” for the oxygen discharge reaction is really oxide in a 
state of flux. Thus in the present measurements on smooth platinum, 
extrapolation of the straight part of the ij—logio* graph to zero over- 
potential gives a current at the reversible potential of ca. io~’ amp., 
whereas for an apparently similar electrode I found ca. io~^* — io“^® amp. 
in both acid and alkaline solutions.* This large difference nuty arise 
because mv electrodes were poisoned by absorption of impuriti^ from 
Picein -wax] but the electrodes were reproducible and I t hink , this improb- 
able : It is more likely that they were relatively less active because they 
were given a preliminary prolonged anodic treatment, probably converting 
the surface to oxide. I found this treatment absolutely necessary if 
reproducible overpotential results (i.e., the same ij— logio i straight line, 
whether determined with a senes of increasmg or decreasing currents) 
were to be obtamed. Hickhng and HiU do not state whether their smooth 
platmum electrode continued to show relativdLy low overpotential and 
high reversible current after continued anodic polarisation. 

The electrode lay-out, shown in Fig. i of Hickling and Hill’s paper, 
is open to the criticisms that the c.d. on the electrode will be greater at 
the edges than in the centre — a point made by Goodeve m this Discussion 
— and that the potential is measured near to the bottom edge. 

Dr. A. Hickling and Mr. S. Hill (Liverpool) [communicated) : With 
reference to the point raised by Hoar and earlier by Goodeve regarding 
the electrode arrangement in overvoltage measurements, it should be 
pointed out that in our study of oxygen overvoltage observations have 
been made with both o*i sq. cm, wire electrodes and lo sq. cm. sheet 
electrodes at the same apparent current densities, and good agreement has 
been found. This would seem to indicate that any lack of uniformity in the 
c.d. at the anodes used is not such as seriously to affect the measurements. 

Miss P. M. Bryant [Bristol) said : In connection with the experiments 
of Hickling and Hill on oxygen overvoltage when they observed dis- 
continuities in the overvoltage-log c.d. curves for pallai^um, gold and 
graphite electrodes, it may be of interest to mention that 1 noticed a 
■similar effect with platinised platinum dectrodes in dil. HCl. At the 
lower c.d.'s a normal overvoltage-c.d. curve was obtained, but at a certain 
critical c.d. there was a sudden, very rapid increase cff potential. On 
increasing the c.d. beyond this, the curve continued normally although 
displaced; repetition of the measurements at the lower c.d.’s gave a 
curve which was a continuation backwards of the displaced curve, and 
the values of potential obtained originally at the lower c.d.'s could not 
be repeated. This discontinuity was only observed with platinised 
platinum and not with any other metal used as a cathode in dil. HCl. 

Dr. A. P. H. Ward [Manchester) said : The observation by Hickling 
and Hill of a time-effect in the prc^uction of overvoltage is of interest. 
This time-effect may be complicated since several phenomena are involved, 
one of which may be adsorption on the surface. It is useful to bear in 
mind that when adsorption on an interface takes place without any 
electrical or other complications a time-effect may also be shown. This 
slow adsorption is ma^ested by a variation of interfadal tension with 
time.* It is not suggested that the time-effect now observed for over- 
voltage is necessarily determined by a slow adsorption process. However, 

» Hoar, Proc. Roy. Soc. A, 1933, 14a, 628. 

* Ward and Tordai, Natme, 1944. ^ 84 t 1:46. 
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in the dev^opment of any theory of a time-efEect of overvoltage it is 
important to remember that it may he incorrect to assiime that adsorption 
is necessarily a rapid process, in comparison -with other accompanying 
phenomena. 

Dr. J. O’M. Bockrls (London) said : Considerable thanks are due to 
Hickling and Hdl for marking quite clear that the oxygen overpotential 
bears very little relation to the hydrogen overpotential in regard to its 
dependence upon c.d. The converse conclusion/ based upon insufficient 
evidence, had led to confused theorising.” 

The use of alkathene cement for Pd and graphite anodes seems un- 
desirable ; in hydrogen overpotential measurements -with platinised 
platinum, the present author and R. Parsons have observed a poisoning 
effect wi^ alkathene cement. 

No details are given in Stout’s paper of the method of preparation of 
the electrode. However, the discrepancies in comparison with the results 
of Hickling and Hill are rather large (oe = i and 0*2) and it seems probable 
that this is due to the fact that Stout has not taken into account the 
variation of overpotential with time without which no comparable results 
can be obtained. 

Dr. H. P. Stout (Saltcoats) (communicated ) : With regard to Dr. Bockris’ 
comment that the slope of the F— log* curve for platinum given by 
Hickling and Hill in Fig. 2 is appreciably different from the slope of the 
F— log * cur\-e in Fig. i of my paper, I would like to point out that on 
extrapolating to the reversible potential, the current in my case is about 
lo-i* amp./sq. cm. compared with 10-’ amp./sq. cm. for Hickling and Hill. 
The figure of lo"^* amp./sq. cm. is in good agreement with corresponding 
figures obtained previously by Hoax and it would appear that conditions in 
Hickling and Hill's experiments were mitirely different from those in Hoar's 
and my experiments. In view of the much larger time of polarisation in 
the former case, it is likely that Hickling and Hill's electrodes were quite 
heavily oxidised. 

Dr. J. O’M. Bockris (London) (communicated ) : 'The suggested explana- 
tions of Dr. Hoar and Dr. Stout for the lack of agreement of their results 
with those of Hickling and Hill appear to be in opposition. The discrep- 
ancy seems connected with the time variation of oxygen overpotential ; 
measurement of a varying potential '* immediately " after commence- 
ment (ff polarisation at a given c.d. seems a less easily reproduced con- 
dition th^ that of Hickling and Hill. 

Dr. H. WUman (London) said : In connection with Dr. Hickling's 
paper on some anomalies in the concept of electrode potential as ^e 
determining ffictor in the occurrence of anodic reactions, and his paper 
with Dr. Hill on ox3^en overvoltage variation with anode material, c.d. 
and time, there are some of OTir electron diffraction results which seem to 
me to clarify the situation. Our results also lead to the conclusion, which 
Dr. Hickling expresses, that " the anode potential is the result of the re- 
action taking place, rather than the factor which determines which re- 
action shall occur.” 

Referring first to the most definite cases. Dr. Hickling and Mr. Hill 
observed with gold, palladium and graphite anodes a sudden increase in 
overvoltage at a certain stage as the c.d. is increased, and that at this 
stage the gold became reddish-brown and the palladium golden-brown, 
while at rather higher c.d. the graphite showed appreciable pitting and 
attack, forming carbonates in the electrolyte. A colour change by itself 
is not of course reliable evidence of compound formation in ^e form of 
a layer on the anode surface, since it is often associated with changes of 
physical form (surface roughness, mystal size and orientation) of a material, 
ratiier than formation of a chemically-changed surffice layer. For example, 
smooth platinum has a h4[h reflection for white light, but finely divided 

“ Proc. Roy. Soc. A., 1929, ia6 107. • Ibid., 1931, 134, 137. 
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or rough platinum surfaces appear black (platintuu black) ; and I found 
that silver which had been used as catalyst of an ammonia reaction ap- 
peared creamy-white and rough though the clear electron difiraction 
pattern showed only normal silver present. We have observed, too, that 
copper treated anoidically at o-i amp./sq. cm. in 25 % HCl first turns 
dark grey, then white, then light grey, then yellowish-brown, though in 
all these stages the electron difihaction patterns showed only cuprous 
chloride on the surface, with some copper as well in the first stage. In 
the case of gold, however. Finch and Sun ’ showed that the reddish colour 
formed on gold in n. KCl at 0*015-0*12 amp./sq. cm. and 25° c. was due 
to a surface layer of a compound which they were not able to identify ; 
and we have since prepared anodic layers showing interference colours on 
gold, in 10 % KOH at 0*2 amp./sq. cm. which yielded patterns due to a 
difierent compound. 

Thus it seems practically certain that the colour change and sudden 
rise of overvoltage observed by Dr. Hickling and Dr. Hill on gold and 
palladium are associated with, and in fact caused by, the formation of a 
surface layer of some compound of the anode metal, though the nature of 
the compound depends on the electroi3rte used. The rise in the overvoltage 
cur\-e for graphite seems at first sight to lie outside this explanation, but 
in this case there is the possibility of a penetration of O" ions between 
the (001) sheets of hexagonally-linked carbon atoms in the graphite layer 
lattice, amounting to a compound formation (graphitic oxide) 

In NaOH or KOH we have also observed brownish surface layers of 
Cd(OH)j formed on Cd in 10 % NaOH or KOH at 18° c. and 0*04 to 0*17 
amp./sq. cm., grey films of ZnO on Zn anodes in 10 % NaOH at 0*06 
amp./sq. cm., dark orange-brown layers (whitish when dry) of unknown 
composition on Cu in 20 % NaOH or KOH, dull greyish films on Nx in 
0-25 % NaOH at 0*1 amp./sq. cm. giving very difiEuse electron diffraction 
patterns which may have been due to NiO or Ni(OH),. In most of these 
cases the c.d. fell during formation of the film, and the bath voltage rose by 
an amount of the order of the rise found by Hickling and Hill in their 
experiments. 

With respect to Dr. Hickhng’s observations on the Kolbe and Crum 
Brown-Walker reaction anomalies on smooth Pt, which are not observed 
on Pt black, this seems likely to be due to adsorption of the organic 
molecules side-by-side on the smooth Pt to form a close-packed layer or 
pseudo-orystal. We know from our electron difiEraction observations that 
long-chain hydrocarbons and their derivatives tend to do so, and more- 
over that such layers usually have very smooth surfoces relative to the 
interatomic or intermolecular distances; and that associated with thin 
smoothness and dose packing there is a striking resistance to dxemical 
atta^. For example, a zinc deavage fece remains bright and untarnished 
in air almost indefinitely, whereas a rough surface quickly oxidise and 
ta rni sh e s ; and I have heated a zinc crj^tal in air to its m.p. and still 
the dectron diffraction pattern from the deavage face showed only zinc. 
In the zinc cleavage surface the atoms are in the most dense pni-vin g 
possible. On the atomically-rough surface of Pt black a layer of adsorbed 
molecules must be unable to form a continuous dose-packed lajrer and 
must be correspondingly relatively readily atincked by O" ions. It 
the^ore seenxs quite reasonable to expect an overvoltage at the smooth 
Pt in th^ reactioixs, while little or none occurs on Pt black. If thig 
explanation is correct the observed overvoltage should be a measure of 
the potential difference required to neutralise an O” ion by attracting its 
extra dectrons to the Pt surface throu§^ the adsorbed layer of molecules. 

Dr. A. Hickling {Liverpool) said : With reference to oxygen overvoltage 

’ Trans. Faraday Soc., 1936, 3a, 832, 

•cf. Lowry and Bozorth, J. Physic. Chem., 1928, 32, 1524; Hofmann, Ber. 

1932, 65* 1821. 
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it is apparent that we axe all at present at the stage of accumulating 
experimental data, and it is likely to be some considerable before 
any useful theory emerges. It is therefore of the greatest importance 
that we should seek agreement in the results obtained by different workers, 
and endeavour to elucidate any discrepancies which are apparent. Now 
I note that Stout reports that oxygen overpotential obeys an equation of 
the Tafel type with 6 having a value of 0*12 in acid solution, this decreasing 
in alkaline solution, and ids experimental value in o*i n. NaOH is ap- 
proximatd.y o*o6. This is contrary to the results foimd by Hill and 
m37sell In general we find the Tafel equation to be approximately obeyed 
at platinum, but the value of 6 is greal^ in n.]Tfa.HTift than in acid solution, 
and in n. HOH is approximately 0-30. This very considerable discrepancy 
is probably due, in my opinion, to ihe neglect of the time of polarisation 
factor in Stout's experiments. Oxygen overvoltage in general changes 
very markedly with time of polarisation, £uid the only way in which we 
have been able to obtain satisfactorily reproducible results has been by 
starting with a clean electrode at each c.d. and polarising at that c.d. until 
a steady value is reached. This method is very laborious and time- 
consuming, but it does lead to consistent and reliable results. The more 
frequently adopted method of measuring the potentials at a series of 
c.d.'s, without paying any specific attention to the time of polaristion 
factor, is in our view completely unreliable since the surj^e of the elec- 
trode is chang^g continuously throughout the observations and any 
overvoltages so determined are characteristic neither of a virgin anode 
nor of a fuUy polarised anode, nor can the values at different c.d.'s be 
fairly compared with one another. 

Haissii^y has described a number of experiments the results of which 
are not in agreement with the hydrogen peroxide theory of electrol3dic 
oxidation, and I freely admit the force of his observations. At the same 
time, the theory has provided a remarkably detailed explanation of a 
wide range of electrolytic oxidations. It is best regarded, I think, as an 
approximation to the truth which has considerable practical value in its 
own field but which will require substantial modification before it can 
embrace all anodic phenomena. 


V. ANODIC PROCESSES AND CELL REACTIONS 
IN GENERAL 


OXIDATION BY ANODIC PROCESSES AND BY 
HYDROGEN PEROXIDE 


By M. HaIssinsky. 


Received 10th February, 1947. 


When hydrogen peroxide acts as an oxidising agent on an inorganic 
compound dissolved in water, the reaction may be one of the following 
types : 

(а) Change of valency (Con -> Cb°i, Mn^ -+■ MtfL TP -*■ Tpn) ; 

(б) Formation of an — O — O — bond without change of valency 



pertitanates, permolybdates) ; 


(c) 


Formation of an addition compound by dipole-dipole action 
(Cd{OH), . xH.O, ; La(OH), . «H, 0 , ; probably NaBO, . H, 0 ,). 



M. HAISSINSKY 


255 

We shall call " per-compounds " or " oxygen-bridge compounds ** the 
compounds formed m the last two cases where there is no change of valency. 
On the basis of known experimental data,^ the oxidising action of HgOa on 
the inorganic compounds of all the chemical elements has been compared 
with that product by electrolysis and, as a result, the following rules 
appear to hold. 

(1) For an element having several valencies, the formation by H| 0 , of 
an oxygen-bridge compound doe# not take place until after the transition 
of the dement to his highest valency. Only one exception to this rule is 
known, viz., nitrogen for which the existence of a pemitrous acid has been 
report^. 

(2) No metal is known which forms oxygen-bridge compounds by anodic 
oxidation ; ^ only four metalloids, B, C, P, S, form such compounds by 
electrolysis. 

(3) The elements whose electronegativities in Pauling’s scale ’ as com- 
pleted by the author * are smaller thM or, at most, equal to 2*1, form per- 
compounds. Those whose electronegativities are greater than 2'i generally 
do not form them. There are four exceptions to this rule ; '^ese are 
C, S, N, Hg, whose electronegatl^^.ties are greater t.ha.u 2*1 but which never- 
theless give peiacids or a peroxide contai^g an oxygen bridge. 

The acids and the oxides of the elements having high electronegativities 
(corresponding to a high electrochemical poteni^), viz., HBrO„ HIO* 
HMnO*. Ni, 0 „ AU| 0 ^ are generally reduced by H| 0 |. 

(4) The higher insoluble oxides which are formed by anodic deposition 
all belong to elements having at least two valencies of which the lower one 
IS the most stable.* In some cases the chemical composition of these 
compounds has not been completely elucidated, but it is always com- 
patible with the valency of the dement in the periodic system (except for 
the well-known cases Cu, Ag, Au). 

Some of these higher oxides may be prepared as well by H( 0 | but in 
basic solution only. It therefore seemed iaterratmg to examine the effect 
of the addition of H,Ot upon their dectrolytic formation. Together with 
Cottin* we prepared anodic deposits on Pt, the higher oxides of the follow- 
ing metals : (i) Ni, in a boric add buffer solution at pB., 9*7 ; (2) Co, in 
acetic add solution, 6*9; (3) Mn, in acetic acid solution, ^h, 5*2 ; (4)Ag, 
in acetic add solution, ps, 4-3 ; (5) Po, in n. NaOH ; (6) Pb, in n. HNO,. 

In all these cases the addition of a few drops of H, 0 , stops the de- 
position and rapidly dissolves the deposit already formed. The result is 
easily explained by the mutual reduction of hydrogen peroxide and the 
higher oxides nnder the conditions reported. It shows nevertheless that 
H, 0 , is exercising an inhibitmg action upon the anodic formation of the 
higher oxides and that cozisequently its existence at the anode is im- 
probable xmder the normal conditioi^ of their formation, 

^ J. Cfiim. Physique, 1947, 44, 181. 

* This rule applira stripy oiily to anodes of Pt, because only a few researches 
appear to have been done with other anodes. 

* The Nature of the Chemical Bond (New York, 1945). p. 64. 

* J. Physique, 1946, 7, 7. The electronegativities have been calculated here 
from the h^ts of for^tion of oxides. This rule is accounted for Inr the feet that 
the electronegativity of hydrogen is 2*1 (see HaTfflin.sky, J. Chem. Physics, 

1947. * 5 . 152- 

* The author has observed the anodic formation of protoactmium petOTide 
for quantities of the order of lo-* g. of Fa in soluticm. The natoie of this peroxide, 
ongmally attributed to the oxygen-bridge type of bond, cannot be established 
with certainty until its formation is verified on larger quantities a-nd nntil the 
question of the valences of Pa is further elucidated. 

* Compt. fend., 1947, 334, 392, 467. 

^ The prevention of the anodic deposition of Po in add solution by H.Ot 
has already been observed by Jdiot Q. Chim, Phy^gue, 1930, 37, 119). The 
same effect on the anodic deposition of Bi was not^ in nitrte a dd solatia ami 
in basis tartaric solution (HaTasinsky and Sanielevicd. ibid., 1939, 36, 54). 
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Of greater significance are the experiments performed by ns on the 
anodic production of potassium percarbonate and sodium pertorate. The 
electrolysis was carried out under the usual conditions of preparation of 
these substances, viz., low temperature, high c.d., and use of a porous 
diaphragm; the anode was of Pt, Fb, or graphite. Two identical saturated 
solutions of K,CO, was submitted to electrolysis, but to one, three drops of 
H|0, were added. The concentration of H^Og -r percarbonate dming 
electrolysis was determined cobrimetrically by addition of Ti(S04)i to 
drops of each solution, thereby forming the orange pertitanic acid. The 
results are ^own in 1%. i. 

Similar curves have been obtained for sodium perborate using a Pt 
anode. With a graphite anode the two processes, formation of persalt and 
decomposition of H,Og, are slower so that the curve corresponding to the 
solution initially containing HgOg crosses the other one after loo min., and 
then continues slightly below the curve for the solution without HgOg. 

Without delving into the kinetic details of the processes one can see 
that the decomposition of HgOg predominates over the formation of the 



Pt anode 


{ 


without H|Og — I, 
with HgOg — 3. 


Fbanode^ 


without H>0, — I, 
withHgO,— II. 


per-compounds and that here too, the reagent, far from favouring the 
oxidation, acts as an inhibitor. 

Glaastone and Hickling,* the originators of the theory of the intermediate 
formation of hydrogen peroxide at the anode, su^ested t^t this mechan- 
ism ^ould be applied, amongst others, to the electrolytic production of 
percarbonates and perborates. Our experiments appear to exclude the 
possibility of such a mechanism. 

It is known on the other hand, that the percarbonate formed by electro- 
lysis is K,CiO„ while the one formed by HgO, is KgCO*. which is considered 
by Foerster • as an addition compound K,COj . H,0,. In ^e same way, 
Caro's .acid which is formed by the action of HgOg on SO* is tiie addition 
compound SO, . H,0, and its salts are unknown," whereas dipersulphuiic 
add HiSiO, is the product of electrolyas. 

It is also useful to note that the four persalts which can be obtained by 
decttolyais axe the only ones for which a mechanism of formation by means 

• EledrOytic OxidaHon and Baduction, (London, 1935) ; Chsm. Rev,, 1939, 25, 407. 

» JEWUnwiaw. WSsser. LSsungen (Lei™, 19*3). P- 853. 

w Wdls, Sintcturdi Inorg. Chem, (Oxford, I943)» P- 3oa- 
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of a direct discharge of anions can be postulated * 

2 SO 4 — = SjO, — + or 2 S04H“ =* S,0, — 4- 2 H+ 4- tm, 

2 PO4 — =P,0,— 4-4« J 2 CO,— =C,0,--4-2« ; BO, — =BO,-4-2«.^* 
Such a simple mechanism is impossible for other persalts, which are pro> 
dnced by H,0, and not by electrolysis. 

TiO,— -> TiO*— : VO,- VO4— ; TaO," -► TaO*- ; 

MoO*— MoOj— ; UO,++ UO,— , etc. 

The difficulty of the production of HaO, and its derivatives at the anode 
can most probably be accounted icic by the same explanation used to ac- 
count for the inhibiting action on the anodic oxidations reported above, 
i.e., by the mutual reduction of these two classes of compounds. Bowden,^* 
Hoar and especially Butler and Drever ** have shown that an ano^ 
of a noble metal such as Pt, Rh, Au, etc., htfore reaching the overvoltage 
ttecessary for the oxygen evolution, is co\^ered at first with a monomolecular 
layer of oxygen and later with greater or lesser amounts of a " peroxidic " 
deposit, or more correctly with a deposit of a higher oxide. This is in 
agreement with older, more qualitative, observations.^* Even if we assume 
then the possibility of a direct discharge, i.e., OH“ = OH 4* postulated 
by Glasstone and Hickling, but as yet not proved, these radicals or the 
molecule H,Oa finally formed would immediately react with the active 
oxygen of the anodic deposit with mutual reduction : 

Ue( 4- 2 OH == MeO 4- H,0 4- O,. 

^O 

On the contrary, Glasstone and Hickling suppose tiiat H,0, exists at 
the anode in a layer of high local concentration, and that the difficulty of its 
detection is due to its catalysic decomposition by the metal surface. But 
it has been known since the work of Traube (1882) that HaO, can be formed 
at the cathode by oxygen reduction. It has been ^own i* that Ti(S04), 
may be transformed quantitatively into pertitanic add, in the presence of 
oxygen, at a cathode of Ag or Au amalgam and more dowly at a cathode 
of smooth Pt, but the preparation of tl^ peradd at the anode ha« as yet 
been unsuccessful.*'^ Thus, in spite of the catal34ic decomposition on the 
metal, H,0, and its derivatives can be formed at the cathode but not at 
the anode. 

This conclusion is confirmed by experiments on the corrosion of A1 of 
Churchill, ** who observed the formation of small amounts of H,0, which 
increased in quantity with c.d. when the metal acted as cathode and which 
diminished sharply and disappeared when it acted as anode. 

Perhaps the most serious objection against the theory of Glasstone 
and Hickling is that, without direct proof, it tends to reduce to a single 
mechanism a great number of anodic processes which take place under 
very difierent conditions. Without exdnding completdy the possibility 
of the formation of H,0, under some particular conditions and on some 
particular anodes (e.g., carbon anodes), this phenomenon is certainly too 

** Hie perborate is formed more probably throng the intermediate formatioii 
of percarbionate, since the presence of carbonate is necessary 'to catalyse this 
anodic reaction (Engelhaidt, Tech. Ehkirocketn., (Leipzig, 1933), P- 

** Proc. Roy. Soc. A ., 1929, 135, 446. 

*» Ibid., 1933, 143, 628. 

** Trans. Faraday Soc., 1936, 33, 427, 

** See, tor instance, Campt. rend,, X908, 146, 477 ; WObler, Z. Elehtro- 

chem., 1909, 15, 769 ; ibid., 1910. 16. 

*■ Halsinsky and Emmanuel, J. Chim. Phynque, 1937. 34, 64r. 

** Attempts at the anodic preparation of Th and XJ peroxides gave also no 
results. Furthermore, Bancroft and Murphy (/. Physic. Chem., 1939, 35, 377), 
did not observe the anodic formation of perchromic a^. 

** Trans, Electrochem. Soc., X939, 76, 77. 
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rare and the anodic processes axe too complex to have the general character 
su][^iosed by them. 

Ihese authors are probably correct in critidsing Walker and Weiss 
who explain the action of all the catalysts in anodic oxidations by over- 
voltage, but it is no more obvious that this action may be interpreted by 
another single mechanism. Some catalysts might, for instance, favour 
the decomposition of the polythionates (in the reaction SjO, — -»> S4O, — 
studied by Glasstone and Hickhng) which contains a — S — S — bridge in 
a way similar to that in which they act upon the — O — O bond of H,Oi 
and its derivatives. In other cases the melanism of the formation of the 
anodic compound can be modified by the presence of the catalj'st or by 
variation of the composition of the medium or by the nature and state of 
the electrode. 

With Quesney an investigation on the conditions of the formation 
of Ni peroxide at anodes of difierent materials was conducted. In parti- 
cular, the critical potential of the deposit formation on Pt and FbO| as 
a function of the pK of the solution containing XifOHj) was measured 
and found to change linearly with the pn according to the relation : 

RT 

E = E,+~ln{OIl) 

while upon Xi this change is represented by the equation : 

ji’P 

£ = £.-f^ln(OH)\ 

The latter relation is equally valid for the change of the equilibrium 
potential of the peroxide with the solution (\vith a small constat difier- 
ence in the E^ v^ue). Notwithstanding the fact that the thermodjTiamic 
significance of this equation is not yet clear, it is ob\’ious that the mechanism 
of the formation upon Ni is not th^e same as on other electrodes. 

According to indications given by potential measurements on different 
anodes,” the higher oxide of polonium, PoO„ is formed in basic solution by 
direct discharge of PoO, — ions, but in acid solution by a secondary re- 
action, probably involving nascent oxygen. Conversely, the transforma- 
tion of sulphites into di&ionates takes place, accordtug to Butler and 
Leslie,*’ in add solution by direct discharge and possibly in a basic medium 
through the agency of nascent oxygen. 

In conclusion, attractive as it may seem, it is hardly possible to admit 
a general mechanism for different anode processes. The experimental 
fa(^ show the necessity of looking for the most suitable mechanism in 
each particular case. 


R48iun6. 

Les donates expdrimentales sur la formation de per-compos6s k pont 
d'oxygdie — O — O— ou d’oxydes sup6rieurs avec ch^gement de valence 
permettent d'6tablir certaines regies sur la tendance des dements chimiques. 
a subir des oxydations de ces types sous Taction de HgO, ou pax dectrolyse. 
L'eau ox3rgdi6e agit comme inhibiteur dans la fcmnation anodique des 

” Trans. Farads^ Soc., 1935, 31, loii. 

M Bancroft has already shown (Traas. Electrochem. Soc., 1937, 71, 53), "aith 
the example of the Mn salts, that the parallelism between the actimi of the cata- 
Wsts on me decomposition of HjOj and on the anodic oxidations, postulated by 
Glasstone and Hickling, is not always observed. To this example we have to 
add t^t of Cu sa^, which do not cataljree the decomposition of HsOt in acid 
solution and yet have a strong effect upon the anodic reactions studi^ by these 
authors. ” Coti^. rotta. 1946, 223, 792, and impublished results. 

“ HaTssinsky, J. Chim. Physique, 1933, 30, 27. 

“ Trams. Faraday Soc., 1936, 32, 435.. 
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per-compos6s et des oxyges supdrieurs. Oa conclut que la presence de 
HiOg k I’aniode et son r6te comme stade interm^diaire dans les processus 
anodiques sont peu prol^bles. 

2^8ammeiifa8simg . 

Die experimenteUen Angaben fiber die Bildong von Per-Verbindungen 
mit o — O Briicken oder von hbheren Oxyden mit veranderter Wertigkeit 
gestatten die Formulierung gewisser aUgemeiner Regeln bezfiglich der 
Neig^ng der chemischen Blemente, aich Oxydationen dieser Art, entweder 
tmter rlfttn Einfluss von HaOa oder auf dteldxolytiscbem Wege, zn unter- 
ziehen. Wasserstofipeioxyd hat einen verzfigemden £fiekt auf die 
ftTirvli.qrhfl 'Rildiing von Per-Verbindungen und von hfiheren Oxyden, 
woraus gefolgert mrd, dass es unwahrscheinlich ist, dass es an der Anode 
auischeint und ein Zvdschenprodukt in anodischen Prozessen ist. 

Institut du Radium, 

Paris. 


KINETICS OF ELECTRODE PROCESSES ON THE 
IRON ELECTRODE 

By B. Kabanov, R. Burstein and A. Frumkin. 

Received z^th March, 1947. 

The beha\’iour of the iron electrode in alkaline solutions is characterised 
by the complexity of the electrode processes due to the di\'ersity of com- 
pounds which iron forms with oxygen. The interest of investigators -was 
early attracted by this problem. Faraday was the first to state that the 
presence of oxygen on the surface of iron hinders its dissolution in acids 
and this has b^n repeatedly confirmed in later investigations. In the 
case of the anodic dissolution of platinum in acids Eishler ^ succeeded m 
determining the least amount of oxygen necessary to retard appreciably 
the kinetics of the reaction. It is considerably 1 ^ than that needed to 
form a monolayer. 

In the experiments reported in the present paper we determined the 
amount of oxygen needed to passivate an iron edectrode under various 
conditions and showed that it, too, may be very small. 

I. Influence of an Oxide Film on the Anodic Passivation of 
Iron in Alkaline Solutions. 

The proems of anodic oxidation and cathodic rednetion of iron in 
alkaline solutions was studied by Fdrster and others * especially in con- 
nection with the problem of the nickel-iron cell. In his experiments with 
powdered iron electrodes, Fdrster established that iron which has been 
pre l i mina rily subjected to cathodic reduction forms Fe{OH), upon anodic 
polarisation. This process comes to an end due to passivation of the 
iron after a certain amount of electricity has passed through the electrode. 
The mechanism of such anodic passivation of iron in alkaline solutions 
has been but sparingly studied so far. 

It was shown by a number of investigators that the oxide film formed 
when iron is exposed to gaseous oxygen passivates the surface of the 

1 Erahler, Ada Physicochim., 1944, 19, 139. 

* FOdster, Z. ElektrocheM., 1910, 16, 461 ; Faust, ibid., 1907, 13, 161 ; Krassa., 
ibid., 1909, 15, 490 ; Grube and Gmelin, ibid., 19JO, a6, 459. 
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iron e ectrode.® However, the least amount of oxygen necessary for 
passivation was not determined. We undertook some experiments to 
clear up this point. The method used in these experiments has been 
described in details elsewhere.*- * 

The experiments were carried out with smooth iron electrodes made 
of Hilger spectroscopicaJly-pure iron rods or wire from the same material. 
The true surface of the electrode was 2-3*5 times greater than the apparent 
surface depending on the previous treatment and was determine from 
the amount of oxygen taken up by activated adsorption.* On smooth 
iron at room temperature, polarisation curves similar to Fbrster’s had 
not been obtained so far due to the fact that even after cathodic polar- 
isation the electrode surface did not become active. In order to obtam 
a smooth electrode in the active state it is necessary to remove oxygen 
from the electrode surface ; this was accomplished by heating the iron 
in hydrogen at 600° c. and then transferring it to a solution saturated 
with hydrogen without exposure air.* 

The anodic polarisation curves obtained after this treatment have 
two arrests corresponding to processes which take place at constant 
potentials. The potentials in this paper if the contrary is not stated, 
are referred to the hydrogen potential in the same solution. The electrode 
does not change outwardly during the first arrest but then gradually turns 
brown after the second begins. The first arrest corresponds to the process, 
Fe^ Fe(OH)2. the second, which is half as long, to the oxidation of 
Fe{OH), to ferric hydroxide, which contains probably less water than 
Fe(OH}a. Upon cathodic pc^arisation there appears an arrest equal in 
length to the second anodic arrest and corresponding to reduction of the 
ferric hydroxide to Fe(OH)j. These conclusions respecting the stoichio- 
metry of processes on the iron electrode are based on polarisation measure- 
ments and on the values of the potaitials determine on interruption of 
the current ; they difiier somewhat from Fdrster’s views.* 

The yield of the first electrochemical process on the iron electrode * 
depends, as shown by our experiments, on a number of factors, in par- 
ticular on the state of the surface. If the electrode sur&ce is oxygen-free 
the yield on it is great. For example, in 2 n. NaOH at a c.d. of i x io-‘ 
amp. /cm.* it is equal to 8 x io“* coulomb/cm.* of true surface. After 
bri^ exposure to the air the electrode in the same solution is completely 
passive, i.e. the polarisation curve shows no arrests. The amount of 
oxygen adsorbed on the iron upon brief exposure to the air is, however, 
equivalent to only 2*5 X lo'* coulomb /cm.*. The yield increases with 
the concentration of Ihe alkali. 

In a recent paper * we have reported data on the influence of definite 
amounts of ad^rbed oxygen on the passi\ation of the iron electrode. 
Prior to this, the kinetics of oxygen adsorption on iron at temperatures 
ranging from 90“ k. to 500* k. were investigated and it was shown that 
a definite amount of oxygen, depending on the temperature, is adsorbed 
rapidly, whereafter a second slow str^e of adsorption follows. These 
results agree in part with those found by other authors.* 

The apparatus used in these experiments allowed of combining the 

*Frenndlich, Patcheke and Zocher, Z. physih. Chem., A, 1927, 128, 321 ; 
1927, 130, 289 ; Evans, Trans. Faraday Soc., 1923, 18, r ; Tamann, Z. anorg. 
Chem., 1919. * 07 t lo-f : Kistiakovsky, J. Physic. Chem. Soc. (1Z«S5.), 1925, 57, 97 

* Burstein, Shonulova and Golb^, Ada Physicoehim., 1^6, ai, 785. 

* Kabanov and Leikis, ihid., 1946, ai, 769. 

* Langmuir, J. Amer. Chmi. Soc., 19x8. 39, X380 ; Gulbranson, Trans. 
Elecirochem. Soc., 1942, 81, 327 ; 1942, 83, 375 ; 1943, 83, 301 ; Kochetkov. 
BvU. \Isoes^a) Acad. Sci. UJi.S.S., 1944, 320. 

* The measuxe of the activity of iron, i.e. of its capacity to pass from, the 

state to Fe(OH)a upon anodic polarisation, is the quantity of electricity' 
GODsomed in ihe process up to the pasmvaiion of ihe metaL This quantity wiU 
be called hereafter. '* 3mhl " of the electrochemical process. 
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gas adsorption technique Tvith that used in electrochemical investigations. 
An iron -wire 2-5 m. long and 0*2 mm. in diameter was reduced in hydrogen 
at 600° c. and outgassed at 850® at i x iO“* nun. Hg ; it was then allowed 
to adsorb oxygen and after being brought into contact with the outgassed 
solution was polarised anodically. The anodic polarisation curve of the 
outgassed, oxygen-free electrode is shown in Fig. i (cur\'e i). 

These experiments showed that when oxygen is adsorbed to the amount 
of 2 X 10*^* molecules per cm.* of true surtace • i.e. to an amount cor- 
responding to the stage of rapid adsorption at room temperature, the 

Fig. 1. — Dependence 
of the potential of 
an iron electrode 
on the quantity of 
electricity trans- 
mitted upon anodic 
polarisation (20°). 

Electroljte 1-2 sf. 

KOH. c.d. 1*3 X 
lo"* amp. /cm.*. 

(x) Outgassed iron ; 

(2) After adsorp- 
tion of 4 X 10^® 
molecules of 
oxygen per cm.*. 

iron electrode retains its electrochemical actimty at 20® c. In this case, 
too, the anodic polarisation cur\'e obtained h^ two arrests. Entirely 
different is the behamour of an iron electrode after adsorption of 4 x 10^® 
oxygen molecules per cm.* of true surface (Fig. i, curve 2). In this case 
the electrode becomes completely p^ive at 20® c., i.e. the anodic polar- 
isation cun'e had no characteristic arrest. The amount of oxygen 
corresponding to the stage of rapid adsorption on iron at room tem- 
perature is thus not sufficient to passivate the electrode. 

It appeared that the amount of oxygen necessary to efiect passivation 
could be reduced by carrying out the polarisation at — 15® c.^ These 


Fig. 2. — Dependence of the ^tential 
of an iron electrode on uie quan- 
tity of electricity transmitted 
upon anodic pcdarisation (— 
15" c.). Electrolyte 2-8 n, KOH. 
C.d. 1*3 x io~* amp. /cm.*. 

(1) Outgassed iron ; 

(2) After adsorption of 0*78 x 10“ 

(3) .. „ 1-5 X 10" 

(4) .. » X 10" 

(5) .. .. 3*5 X io« 

(6) „ „ 7*0 X 10“ 

molecules of ox3rgen per cm.*. 




experiments showed that, in this case, upon the adsorption on iron of 
0*78 X 10“ molecules of oxygen per cm.* of true surface, the yield of the 
electrochemical process on the iron ^ectrode is reduced by a factor of 
three. Upon adsorption of 1*72 x 10®* oxygen molecules per cm.* of 

* According to Emmett and Brunauer’s data, the number of nitrogen mole- 
cules adsorbed per cm,* of true surface necessary to form a monolayer is 6 X 10**. 

' Buxstdn and Shumilova (unpublished data). 
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true siizface, i.e. of the amount correspondiag to the rapid stage of ad- 
sorption at — the iron electrode becomes passive (Fig, 2). With 

such an electrode the arrests on the charging curve corresponding to the 
formation of bivalent and tri valent iron compounds are no longer observed. 
Upon anodic polarisation at — 15“ c. there appears an arrest at 0-95 v. 
corresponding probably to the formation of an oxide of a higher degree of 
oxidation. We shall return to this question further on. These data 
show that the normal electrochemical process in strong alka line solution 
at — i5‘’c. ceases when the number of adsorbed oxygen molecules is 
approximately three times as large as Emmett and Brunauer’s figure 
for the number of nitrogen molecules needed to form a monolayer. It 
is known from electronographic investigations ‘ that when oxygen is 
adsorbed on iron Fe^O^ or y — ^Fe,Oa is formed ; hence when 1-72 X lo^* 
oxygen molecules are adsorbed per cm.* of true surface, the resultant 
oxide film, if it were homogeneous, should be ca. 5*3 a. thick. This value 
is less than that corresponding to a unit cell of y — ^FetO,. 

It should be observ’ed that in order to shift in the anodic direction 
the potential of an iron electrode rendered passuo through deposition 
of oxygen, a comparatively large amount of electricity must be still 
expended. Experiments have shown in this case that the sum of the 
amount of oxygen deposited from the gas phase and the amoimt of ox3rgen 
which must be deposited in the process of anodic polarisation in a KOH 

solution to bring the potential 
up to e.g. o-g V., is approxi- 
mately constant and equal to 
about 7 X lo^® molecules per 
cm.* of true surface, which 
corresponds to 4*3 x io-» 
coulombs (Fig. 3). 

There is an essential difi^er- 
ence between the course of the 
anodic polarisation of iron in 
dilute and in concentrated 
alkaline solutions.' If an 
electrode pre-heated in hydro- 
gen is polarised anodically 
in a dUnte solution of NaOH 
with sufliciently high c.d. then the iron behaves as if it w-ere completely 
passive. In '^s case very'’ small amounts of electricity are necessar}' 
to shift the potential of the iron electrode to the anodic side. For ex- 
ample, if 2-3 X 10-* coulomb is sent through i cm.* of true surface 
in 0-05 2f. NaOH at a c.d. of i x 10-* amp./ cm.* the electrode potential 
is brought up to o-3 v. After this treatment the electrode remains passive 
even if a more concentrated solution is substituted for the dilute one 
without exposing the electrode to the air. 

The amount of electricity which passi\'ates iron in dilute a lk al i ne 
solution is therefore smaller than what is needed for the formation of 
an oxygen monolayer on the iron surface vix. ca. 4 X io~* coulomb/cm.*. 

A comparison of these data Avith the experiments on polarisation 
subsequent to the adsorption of oxygen from the gas phase leads to the 
conclusion that when oxygen is deposited from the gas phase the resulting 
film has a compa^at^^’ely large number of racant sites. This may perhaps 
be due to the bivalency of the oxygen molecules, which, as Lsmgmuir 
has shown, makes it difficult to obta^ a continuous layer. The vacant 
sites can interact with the ions of the solution. 

• Nelson, J. Chem. Physics, 1937, 5 » 252 ; Winkel and Haul, Z. Etektrochem., 
1938, 44f 6xx ; Dankov and Shis^lb^v, B»U. (Isvestja) Acad. Sci. V.R.S.S., 
1938. 1235. 

* Kabanov and Leikis. Acta Physicoehim. (in piess). 
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2. The Mechanism of the Dissolution and Passivation of 
Iron in Alkaline Solution. 


It has been shown in a number of experiments * that the 3rield of the 
electrochemical process Fe Fe(OH), on an active electrode increases 
with increasing concentration of the alkali (Fig. 4) and decreasing c.d. 
The o\’ervoltage of this electrochemical process is, however, almost 
independent of the concentration of the alkali and of the concentration 
of foreign anions (SO4 — ) emd increases linearly with log c.d. The slope 
of the logarithmic curves at c.d.'s exceeding io~* amp./cm.* equals 0*04 v., 
while at lower c.d.'s it is 0*02 v. 

The capacity of the iron electrode as determined from the slope of 
the charging curves in dilute solutions or from the decay curves of the 
electrode potential when the polarising current is interrupt^ in the region 
of the arr^t in more concentrated solutions, is approximately 
1500 fiFycm.* of apparent surface. 

On the basis of the experimental data reported above it is possible to 
advance a conception of the mechanism of the formation of Fe(OH)j 



Fig. 4. — ^Dependence of the 
yield of the electrochemical 
process Fe -*■ Fe(OHlj on 
the concentration 01 the 
alkaline solution. The yield 
is given in coulomb/cm.* of 
apparent sur&ce. 
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Fig. 5. — ^Potential of the anodic dissolution 
of iron against log c.d. The potential 
is here referred to the standard hydro* 
gen electrode. 

{a) ax. NaOH ; (6) n. HCl ; (c) 0*05 n. 
NaOH 4- 2N. NaQ ; (d) 0*5 w. NaOH 
+ 2N. NaCl. 


and the passivation of iron in alkaline solutions. To this end it wUl be 
u^ful to compare the data on the anodic dissolution of iron in aiyah 
with the data on the anodic dissolution of iron in acids.*® The comparison 
was made by extrapolate^ the overvoltage curve of the anodic process 
Fe-»- Fe+“ in acid solutions to the potentials of the anodic process 
^ Fe(OH)j in the case of active iron electrode in an aTlcalinH solution 
(Fig. 5)- The comparison shows that at equal potentials the anodic dis- 
solution of iron in al k al ine solutions proceeds ca. 10* timftff as fest as in 
acids. On the other hwd in al kaline solutions the anodic process on iron 
^ows down greatly with time and is finally completely stopped due to 
pa^vation, a circumstance which does not occur in acid solutions. This 
mdicates that the mechanism of the dissolution of icon is widdy difierent 
m acids and in alkaUes. 

l^th the gi^ter rate of dissolution and the passivation observed in 
alkanes are evidently due to anodic deposition of oxygen on the iron 
which is st im u l ated in al kaline solutions by the large concentration 
of hydroxyl ions. Thus in alkaline solutions the oxygen on the iron 
surfa^ a double role — on the one hand accelerating dissolution 

on the otiier hand passivating the iron and bringing finally the dissolution 
to an end. These general considerations may be developed in somewhat 
greater detail. 

Upon anodic polarisation of iron, Fe(OH), is deposited in the form of 
*® Kusnezov, J, Russ, Physic. Chem., 1947, 21, 201. 




264 ELECTRODE PROCESSES ON IRON ELECTRODE 

a gelatinous porous precipitate weaMy bound to the metal. This has 
been concluded from the failure to detect any ohmic resistance on an 
electrode covered with a deposit of Fe(OH)i although this compound 
is itself nonconducting. The structure of the ferrous hydroxide pre- 
cipitate and its adhesion to the metal lead to the conclusion &at 
it is deposited from a supersaturated solution and not formed directly 
from the metal. As was pointed out above, the reaction Fe Fe++ is a 
slow process, at equal potentials, compared with the reaction Fe-^Fe(OH) 
hence it cannot be an intermediate stage in the anodic formation of 
Fe(OH)i in alkaline solutions. As is known.*^ in alkaline solutions iron 
exists mainly in the form of HFeO|~ ions. Bearing in mind moreover 
that acceleration of the dissolution of iron in alkalies is connected with 
the adsorption of oxygen on iron, it is natural to assume that the inter- 
mediate product during the process of dissolution is a HFeOi~ ion which 
is formed on interaction of a surface iron oxide with the alkali : 

(FeO).d*. T OH- ^ HFeO,-. 

Experiments show, however, that the potential of anodic dissolution 
of iron is not the reversible potential of the system Fe/HFeO,-, OH“. 
A calculation of the increase in the concentration of HFeO,- at t]^ elec- 
trode surface on passing the current, based on the equations of non-steady 
dMusion (even assuming that in the initial stage of polarisation all the 
HFeO,- ions formed remain in solution and precipitation of Fe(OH), 
does not occur) shows that the experimentally-observed shift of the 
potential at the begmning of anodic polarisation of the active iron is 
considerably greater than what shouhl correspond to an eqiulibrium 
potential of Fe/HFeO„ OH-. 

It follows, on the other hand, from our data, that the process 
Fe -*> HFeO,- cannot be regarded as an irreversible reaction proceeding 
in one elementary act : Fe + 3OH- HFeO,- -1- H ,0 -fa©. In fact, 
by computations similar to those nsed by Frumkini* in treating the 
kinetics of hydrogen overvoltage it can ea^y be shown that the anodic 
overvoltage of iron should decrease in this case by 0*12 v. when Ike con- 
centration of alkali increases tenfold. This, h^ever, does not take 
place. It should be noted that in computing the potential of the anodic 
process on iron we did not take into acconnt the variation of the {-potential, 
as the introduction of SO4 — ions into the solution does not afEect the 
overvoltage of iron in dilute solutions. 

Our data on the capacity of the iron electrode indicate that, in a certain 
potential range, an electrochemically-active asyg/ea adsorption layer is 
formed on the iron sur&ce. The e^ectrochemic^ deposition of oxygen 
may be assumed to be the first rapid stage of dissolution of iron in a lkal i. 
Judging by the magnitude of the capacity the amount of this oxygen at 
the pot^l^ of the first arrest comprises a fraction of a monola3^. This 
adsorbed labile oxygen can transform either in a surface oxide soluble 
in the alkali, or in a more firmly bound (passivating) surface oxide which 
retards farther dissolution of the iron. Each of these processes requires 
addition of ox3^en through an electrochemical reaction. 

These cansiderations can be put in a more definite form by means of 
the following scheme. The first stage, which leads to the formation of 
an electrochmucally-active layer of adsorbed oxygen is the disc h arge of OH- 
Fe + OH- (FeOH),d,. + © . . . (i) 

This is followed by the slow discharge of a second OH- on the electro- 
<kemically-active sndbu^e oxide ; 

(FeOH)»a,. + OH--(FeO).4.. -^-H.O^-© . . {2) 

The resulting surface ferrous oxide dissolves in alkali according to the 
equation 

(FeO).d.. -f OH- HFeO,- . . . {3) 

u Schxager, Chem. News, 1929, 138, 354. 

u Frumkin, Z. phyHk. Chem A, 1933, 
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On hydrolysis of the HFeO»“ ion a deposit of ferrous oxide if formed : 

HFeOr -j- H ,0 -- Fe(OH), -|- OH" . . . (4) 

It is easily seen that the rate of dissolution of iron upon anodic polar- 
isation computed on the basis of this scheme (eqn. (2) and (1)} equals 

U = AiCFeOHlad,. [OH-] e r=ii:,[OH-]» e ^ . . (5) 

Let us denote by the reversible potential of the Fe/Fe(OH)„ OH' 
electrode. The overvoltage of the reaction t/ equals 

^ , iRT, . RT, „„ , , 

1} = ^ — In I — ^ In [OH-] -f- const. 

In a first approximation this agrees ^vith our experimental data. 

A simU^ mechanism of anodic dissolution of a metal was suggested 
earlier by Eishler.^ He showed that in the presence of Cl~ ions the 
dissolution cf platinum proceeds, not by direct transition of h}rdrated 
metal ions into the solution, but by way of formation of an intermediate 
surface platinum chlorine complex. In our case the hydroxyl pla3rs the 
part of the chlorine. 

Let us now’ consider the transformation of the electrochemicaUy-active 
oxide into the passi\*ating surface compound. As was observed above, 
iron is pa^>sivated when very small quantities of passivating oxides are 
formed on the surface. Inasmuch as a considerable amount of iron is 
dissoh-ed in the time necessary for passivation, the active sur&ce oxide 
ob^-iously goes over into the soluble form many times faster into 
the passi\’ating one. At the same time the passi\’ation process is more 
accelerated with increasing potential than the process of dissolution, as 
appears from the decrease of the yield of the process Fo -*■ Fe(OH), with 
increasing c.d. Such a relation can exist if, e.g., the passivating oxide 
is formed as a result of the discharge of OH- accompanied by the transfer 
of two electrons : 

(FeOH)a4g. + OH“ ^ (FeO, OH)aiit. -f- H'^ + 2©. 

Blow pa^atlng 

dtaoluiige oxlda 

The rate of the process leading to the formation of the passivating 
oxide is then ^ 


ip = •«f.CFeOH]. 4 ,. [OH-] .e^ . . . (6) 

The entire process of dissolution and passivation of iron in 
sclutions can thus be represented by the following scheme : 


T • 


+ H,0 

HFeO,- — ». Fe(OH), + OH- 
dissolved 


(FeO),a,. + HaO + © 

soluble 

surface 

oxide 



Fe + OH- (FeOH)«d,, + © 
electrochem.- 
active surface 
oxide 



(FeO, + H+ + a© 

pa^vating 
oxide. 
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It cannot be claimed as yet that this scheme has been foimded in all 
its details. We believe, however, that it renders satisfactorily the main 
features of the process. 

We shall not consider here the kinetics of the passivation process in 
detail, observing merely that a considerable amount of iron is dissolved 
during passivation and hence the passi\'ating oxide thereby formed must 
be partially removed from the surface. A complete theory should explain 
the progressive accumulation of passivating oxide despite its contmuous 
removal, and take into account that the velocity of the reaction stages 
given by eqn. (i) and (2] decreases with increasing surfece concentration 
of the passivating oxide. The process of accumulation of passivating 
oxides is probably to some extent analogous to the self-accelerating process 
of crystallisation. The yield of the reaction Fe-*- Fe(OH)* at any rate 
should increase with the ratio of the initial rates of the actiw (eqn. (5)) 
and passivating (eqn. (6)) processes : 



where f, is, as yet an undetermined, increasing function of the argument, 
[OH-]/i}. According to eqn. (7) the yield should fall with increasing 
anodic c.d. and rise with increasing concentration of the alkali, which is 
actually observ'ed. 

The study of the dissolution and passivation of iron in alkaline solutions 
and of the reduction of Fe(OH), is being continued. 


3. The Electrochemical Process at Potentials <^0*95 v. 

Upon polarisation of iron in alkaline solutions we ob6er\'ed in several 
cases an arrest of the potential at approximately O'g3-o*95 v. (with respect 
to the hydrogen elecbxide in the same solution). Small arre^ near the 
indicated value of the potential are obtained when xnoleciilar oxygen is 
present in the alkaline solution during cathodic and anodic polarisation of 
iron electrodes. The length of these arrests corresponds to lo"*— 5 x lo”* 
coulomb wbich is equivalent to a quantity of oxygen ranging from a small 
fraction of a monolayer to a few monola3rers.^’ 

A similar arrest can be obtained when iron, after reduction in hydrogen 
and outgassing at high temperature is anodically polarised in dilute 
KOH solution. In this case the leagth of the air^ may correspond to 
as much as 50 x lo”* coulomb/cm.*.’ 

A small arrest is also observed on an iron electrode partially covered 
with oxygen adsorbed from the gas phase (1-5 x io^‘ moleciiles/cm.‘), 
if the anodic polarisation is carried out at low temperature (—15°). 
'VS^th a larger adsorbed amount equal to 7 x molecules per unit 
area no arrest is observed. Hence adsorbed oxygen passiv'ates this 
process too (Fig. 3). 

If passive iron is treated with hydrogen peroxide which is then re* 
moved from the solution, a cathodic and an anodic arrest are also ob- 
served in the same region of potentials. The overvoltage of the process 
corresponding to these arrests is less than that of other processes on an 
iron electrode in alkaline SQlutiQns.i* It has not been proved as yet that 
the anests in all these cases correspond to the same process, nor is the 
question of the composition cf the resultant o.xide clear. 

u Kabanov and Yanjukova (unpublished data). 

“ Kabanov and Dei^aguina (xmpnblished data). 
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4. Anodic Oxidation of Iron in the Presence of Chlorine Ions. 

If iron oxidised in air is anodically polarised in an alkaline solution 
containing sodium chloride (e.g. in 2 n. concentration), then at low con- 
centration of the a-llfa-li the electrode potential does not rise to the potential 
of oxygen evolution, but reaches a maximum value and then gradually 
decreases. In order to explain the mechanism of this effect which was 
first described by Haber and Goldschmidt, we investigated the processes 
tfl-TriTtg ^ce during this decrease and after a stationary potential was 
attained.” 

The anodic process in this case, too. consists in metallic iron going 
over into Fe(OH)*. However, in contra^tinction to the similar process 
in pure alkaline solutions, in the presence of Q~ ions it can continue 
indefinitd.y unaccompanied by passivation of the iron. The overvoltage 
of this process under certain conditions can reach high values, e.g. r‘4 v. 
and more ; it increases linearly with log c.d., with a coefi&cient which varies 
from 0-04 to 0’i2 V., depending on tiie composition of the solution. At 
constant c.d. the greater the concentration of Cl~ ions and the smaller 
the concentration of OH“ ions the lower will be the potential ; the relation 
between the concentration of these ions and the potential is linear. 
However, as the ratio [a“]/[OH-] is increased, the steady potential will 
decrease only down to a certain limit. This minimum value of the 
potential of anodic formation of Fe(OH)i in the presence of Cl" ions co- 
incides Avith the potential observed at the same c.d. in the case of the 
anodic dissolution of Fe in acids. The latter was found by extrapolating 
Kusnezov’s polarisation cur\'e for the anodic dissolution of iron in HCl 
to the c.d.'s at which the iron electrode was polarised in alkaline solutions 
of chlorides (Fig. 5). 

The difference between the dissolution of iron in alkaline solutions of 
chlorides and in pure alkalies and the similarity between the former 
process and the dissolution in acids leads us to believe that the first slow 
stage of the process Fe -► Fe(OH)t in alkaline solutions of chlorides is 
the ionization of iron Fe -»■ Fe+'*'. The second, fast stage, is the chemical 
reaction : Fe'^+ -f 2OH- -*■ Fe(OH), with the possible intermediate 

formation of the cation FeOH+. 

The Cl~ ion allow’s Fe++ to be formed, but does not participate in the 
process itself. This is evident, for instance, from the fhct that when the 
concentration of Q~ ions in o*oi n. NaOH solution is varied from o*oi k. 
to 4 N. the rate of the process Fe — Fe(OH) , remains unaffected and equal 
to the rate of the process Fe -► Fe'^+ in acid at the same electrode potential. 
The accelerating effect of Q~ ions on the corrosion of iron is thus due to 
the fact that it hinders the passivation of iron by adsorbed oxygen which 
otherwise would put an end to the dissolution of the iron. 

As was observed above, the rate of the process takes off with increasing 
concentration of the alkali but not with time. This shows that a stationary 
concentration of the passivating agent establishes itself on the surffice 
of the iron electrode, which increases with increasing concentration of 
the alkali. At sufficiently high concentrations of alkali and high c.d.’s 
the process Fe -*■ Fe(OH)j| ceases completely, the iron becoming passive 
not gradually, as in pure alkali, but abruptly. A low’ering of the c.d. 
reactivates the iron. 

The following circumstance is essential for an understanding of the 
mechanism of this process. It was snown that in solutions containing 
Cl“ ions and OH“ ions in 2 n. concentration the charging curves of passive 
iron are twice as steep as in solutions devoid of chlorine ions. This mwa-na 
that the chloiine ions adsorbed on passive iron hinder the deposition of 
ox]7gen on the iron. 

Ashler was the first to observe a decrease of the electrode capacity 

Haber and Goldsduoidt, Z, Elektrochem,, 1906, la, 49 ; Britton and Evans, 
J. Chem. Soc., 1930, 17S0. 
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due to chloiiae ions upon the polar^tion of platinum in acid solutions 
(for references, see paper of Ershler in this issue). His explanation was 
that the adsorption of chlorine retards the deposition of oxj^gen on the 
platinum sur&i^. In this case, however, the process is not a steady one, 
as oxygen is gradually accumulated on the surface and finally stops the 
dissolution of the metal. In the case of iron in the presence of Q- ions, 
if the concentration of OH“ ions is not too great, a steady process is observed. 

It may be assumed that chlorine displaces the hydroxyl from the iron 
electrode surface and thus prevents the deposition of oxygen and con- 
sequently the formation of passivating oxides. This allows the process 
Fe -*■ Fe'^'^ to proceed inde^tdy ; on the other hand the adsorption 
of chlorine prevents the iron from being dissolved by way of intermediate 
oxygen adsorption. 

An increase in the positive potential facilitates the displacement of 
adsorbed oxygen by chlorine ions. As a result of this, if an iron electrode 
becomes covered udth very firmly adsorbed oxygen due to the action of 
air or to anodic polarisation, then upon anodic polarisation in the presence 
of chlorine the electrode potential first rises to a definite maximum and 
then gradually falls ofi to a steady value (Fig. 6). The anodic process 
in this case does not take place at first over the whole sur&ce but only in 
microscopic pores of the oxide film ; however, as the process continues 


Fig. 6. — Dependence of the potential of 
iron previously passivated through contact 
with air on the quantity of electricitj' 
transmitted in 

0*1 X. NaOH + 2N. KCl. 

c.d. IO-* amp. per cm.*. Potential referred 
to hydrogen electrode in the same solution. 


the oxide film previously formed gradually loses contact with the metal 
and disaggregates. 

The above point of view is different from the interpretation given 
by Evans. It appears to us that the activating effect of anions like Cl~ 
is due to an adsorption effect, i.e. to the displacement of oxygen from the 
surface of iron, and not to a special ability for penetrating the oxide film. 

The foregoing considerations on the mechanism of anodic dissolution 
of iron in the presence of Cl~ bear a preliminary character. Experimental 
facts like the linear increase of the ove^^x>ltage with concentration of the 
alkali and decrease with concentraticm of Cl~, complete passivation upon 
increase in the c.d. and the accompan3ring periodic phenomena stand still 
in need of a more detailed study. 

Summary. 

It is shown that upon anodic polarisation in alkaline solutions at room 
temperature a smooth iron electrode from the surface of which ox]rgen 
was removed goes o^'er into Fe(OH), which is afterwards oxidised to tri- 
valent iron. The electrochemical transition of iron to Fe(OH), proceeds 
with a low overvoltage, but after some time the process ceases due to the 
formation of passivating surfece oxides. The greater the concentration 
of OH" ions the greater is the quantity of iron partidpating in the reaction. 
The iron does not go over into Fe(OH)s at room temperature if prior to 
anodic polarisation an amount ox^en corre^mnding to 2*5 x io~* 
coulomb/cm* of true sur&ce is deposited from the gas phase. If the 
anodic polarisation is carried out at — 15*0. the necessary quantity of 
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oxygen corresponded to i-i x 10-* coulomb /cm.*. Upon anodic polar- 
isation in dilute a.1kaTi passivation sets in when the amount deposited is 
only 2 X 10-* coulomb/cm.* of true surface. 

A mechanism is proposed to explain the relation between the formation 
of Fe(OH), and the passivation of iron upon anodic oxidation. The 
mecha^sm of the anodic dissolution of iron in the presence of both Cl~ 
and OH~ ions in the solution is also discussed. 

Une Electrode de fer lisse, dont la surface a 6t6 ddbarrass^ d'oxygino, 
cst transform^ en Fe(OH)j (qui est ensuite oxyd6 en fer tii valent) par 
polarisation anodique en solution alcaline k temp^ture ordinaire. Le 
ph&uom^ne a lieu k un faible survoltage, puis cesse par suite de la formation, 
d'oxydes, qui reudent la sur&ce passive. II peut 6tre compl^tement 
empIchA si, avant la polarisation, de petites quantity d’oxyg^e sont 
d^pos^ en phase gazeuse sur I'^lectrode. On propose deux m^canismes 
pour rendre compte de ces faits, ainsi que de la dissolution anodique 
du fer, lorsque les deux ions Cl et OH sont presents dans la solution. 

Zusammenfassung. 

Fine glatte Eisenelektrode, von deren OberfliLche alter Sauerstofi 
entfemt ist, wild bei anodischer PolarisatioD in alkalischer Lbsung bei 
Zimmertemj^ratur in Fe(OH)j verwandelt (das darauf zu dreiwertigem 
Eisen owdiert wird). Diese elektrochemische Reaktion verl&iift bei 
geiinger uberspannung. aber wird nach einiger Zeit durch die Bildnng 
von x>assivierendeu Oberflachenoxyden aufgel^ten. Sie kann verhindert 
werden, wenn vor der Polarisation geringe Sauerstofimengen aus der 
Gasphase an der Elektrode abgeschieden werden. Es wird ein Mechan- 
ismus zur ErklSrung dieser Vorgange vorgeschlagen, sowie auch einer, 
der die anodische Auflbsung des Eisens, wenn CF und OH' zusammen in 
der Lbsung vorhanden sind, zu erkl&ren vermag. 
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INVESTIGATION OF ELECTRODE REACTIONS 
BY THE METHOD OF CHARGING-CURVES 
AND WITH THE AID OF ALTERNATING 
CURRENTS. 

Bv B, Ershler. 

Received %^th March, 1947. 

I. The Kinetics of the Formation of Adsorbed Layers of 
Oxygen and Hydrogen on Metals. 

The obtaining of charging-Gurves, Le. of cur\*es showing the dependence 
of the potential on the amount of dectridty passed, affords a convenient 
metho d of investigating the kinetics of formation of hydrogen and oxygen. 
l&yera on electrodes especially when varying c.d.’s are used. 

In so fox as the formation and removal of adsorbed layem proceed 
with a measurable velocity, these layers may be in equilibrium only when 
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charging the electrode sufficiently slowly, so that only in this case in- 
formation concerning equilibrium properties may be obtained from charging- 
cur\'es. WTien chai^^ing more rapidly the adsorption layers have no time 
to attain equilibrium, so that a direct determination of the velocity of 
formation and removal of adsorbed laymrs may be attained. Some results 
obtained on Pt, Ag and An with slow and rapid charging are reported below. 

(a) Slow Gharglnft. — It was already pointed out ^ that on slow charging 
of platinum chaxging-curves are obtained which exhibit three distinct 
regions.*' * In the neighbourhood of the hydrogen potential the slope 
of the curves is small, i.e. the potential rises slowly as the electrode is 
charged ; at more anodic potentials the slope increases and at still more 
anodic i^entials the cur\'es become again less steep. A comparison of 
the amount of electricity needed to change the potential of the platinum 
in these three ranges with the corresponding ch^ges in the charge of the 
double-layer, as determined by an independent method, offered proof* 
that in the region of the steep rise of the curves the polarising current is 
spent mainly, or at an3' rate to a considerable mrtent, on chaT gin g the 
double-layer. The lower arrest at cathodic potentials is interpreted as 



Fig. I. — Charging-curves of platinised platinum 
in N. HjSO*. 

(a) Cathodic j^laxisation immediately after 
oxidation in moist oxygen at room tem- 
perature during 24 hr. 

(i) Cathodic polarisation after oxidation under 
similar conditions. After the oxidation 
the electrode was kept for 4 days in 
nitrogen. 

Q Amount of electricity passed through the 
electrode. 


due to the formation of a la5’er of adsorbed hydrogen, the upper one to 
oxidation of the platmum. Wliereas in the nei^bourhood of the hydrogen 
potential the slow charging-cur\’e8 are reversible, which has permitted a 
number of conclusions to be drawn concerning the thermodynamical 
properties of the adsorbed hydrogen layer on platinum,*' * at anodic 
potentials reversible cur\’es cannot be obtained, e\’en when charging ex- 
tremely slowly. Hence, strictly speaking, the upper arrests of the cur\'es 
at ani^c potentials cannot used to determine the thermodynamic 
properties of the surffice oxides which form at these potentials. Never- 
theless, as stated by A. Frumkin, investigations of oxide layers carried 
out in his laboratory using the method of slow charging have made it 
possible to draw certain general conclusions concerning the properties of 
these layers. 

z. The strength of the bond between the metal and oxx'gen increases 
with time. 

An increase of this kind is observed either when appl3dng prolonged 

^ Ershler and Frumkin, Trans. Faraday Soc., Z939' 35i 464. 

*Slyghi and Framkin. CompU rend. U.R.S.S., 1934. ^73 ^ Physico- 

ehim.. 1935. 79i- 

» ErsWer, ibid., 1937, 7t 327* 

* Frumkin. and Medvedovsk^', ibid., 1936, 4, 911. 

* Framkin and Slygiu, ibid., 3930, 5, 819. 

' Temkin. J. Suss. Physic. Chem., 194X. 15, 296. 
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anodic polaiisatioii at a given potential, or when allowing a anfficieut 
lapse of time after oxidation by molecular oxygen.’. ® 1 • • ^ 

In Fig. I are given cathodic charging-curves m n. H1SO4 of^ platinised 
platinum electrodes, subjected to a previous oxidation in moist oacygen 
for 24 hr. (according to Nesterova). Curve a was t aken immediately 
after oxidation of the electrode, curve b after the oxidised electrode was 
kept for 4 days in an atmosphere of nitrogen. The arrest on the curves 
at about o-g v. corresponds to the removal of adsorbed oxygen and that 
below 0*3 V. to the formation of a hydrogen layer. During the time the 
electrode had been kept in nitrogen the bond between oxj^gen and the 
metal became stronger, which is expressed by the fact that the remov^ 
of oxygen proceeds at less positive potentials as seen from the curves m 
Fig. I. The hydrogen arrests on curves a and b are identic^. A strength- 
enmg of the same l^d is observed when raising the oxidation temperature 
of the platinum. 

When applying a.nrtrlir. polarisation to a smooth plat i nu m electrode in 
X. HtSOf, as has been shown by Obruchev’s, the increasing strength of 
the bond with growing anodic potential results in the formation of oxides 



{ai Cathodic polarisation after anodic oxidation in N. HiSO^ by c.d. io~* 

amp. /cm. ^ 

^6) Ca&odic polarisation after anodic oxidation by c.d. io~^ amp./cm.*. 
Subsequently to the anodic oxidation the electrode was gently wadied to remove 
the oxj’gen saturated solution from the surface. 

possessing already phase properties. In Fig. 2 axe shown cathodic charging- 
curves of a Pt-electrode, which had jweviously been subjected to anodic 
polarisation by c.d.’s of lo"* and lo-i amp./cm.>. Although in the first 
case the amotmt of oxygen on the electrode surface already greatly exceeds 
that necessary' to form a monolayw of oxide,* the oxide -filTn does not 
show phase properties. On the second curves an arrest is observed at 
0*4 V., which possesses aU the characteristic properties of a phase transi- 
tion. On cathodic reduction of the more srtable oxides a slow removal of 
oxygen is observed, the velocity of which cannot be increased by ahi^ng 
the potential towards more negative values, which points to a deeper 
penetration of ox3'gen into the metal lattice. 

2. The oxidation processes affect the adsorption properties of the metal 

’ Obrucheva and Nesterova (unpublished data). 

• Frumkin, /. Physic. Chem, (iZuss.), 1940, 14, 1200. 

* It is noteworthy, that on anodic oaddation of a platinum wire such com- 
paratively thick oxide films are easily formed whereas in the case of platinised 
platinum at the same anodic potential the amount of ox^[eu deposited on the 
surface remains in the limits of a monolayer.’ 



2/2 IWESTIGATION OF ELECTRODE REACTIONS 

surface. Tliis can be shown by subjecting smooth platinum previously- 
oxidised as described above to cathode reduction and then obtaining an 
anodic charging-cur\'e ^vith low c.d. In this case the adsorption of oxygen 
is greatly facilitated and occurs at potentials at which the “ normal ” 
platinum surface is not yet oxidised. 

The influence of the oxidation on Ihe adsorption properties of metallic 
surfaces has been shown by Eakov * to be still more marked in the case of 
silver. Etched silver oxidised in air at room temperature, acquires in 
0*1 N. KOH a potential which is by about i v. more positive than the 
reversible hydrogen potential ; when applying to it a cathodic polarisation 
with low c.d.'s (of the order of lo- * amp. /cm.*) curve i, Fig. 3, was obtained, 
from which it is seen that the adsorbed oxide layer does not possess phase 
properties, for it is removed within a very wide potential range. A curve 
of Ihe same shape is also obtained with smooth Ag. The ano^c charging- 
curve of ordinary silver has a similar shape, i.e. in -the case of elekro- 
chemical oxidation a non-phase oxide is also obtained. The picture is 
completdy changed on oxidising silver at Soo*^ c. As is wdl known, at 
this temperature bulk oxides of silver cannot form. Nevertheless, the 
cathodic polarisation curve of silver thus treated (curve 2, Fig. 3) shows 
that there is a very firmly adsorbed oxide layer on its stir&ce, which 

Fig. 3. — Charging-corves of Ag in o*i x. KOH 
(c.d. S'lo-’ amp. /cm.*) for diSeient pre- 
liminary treatments of a silver electrode. 

1. Cathodic polarisation of ordinary' Ag, 
oxidised in air at room temperature. 

2. Cathodic polarisation of Ag oxidised at 
800“ c. 

3a. Anodic polarisation of Ag after curt-e 2 
has been taken, 

3b. Cathodic polarisation of Ag after curve 30- 
-haj* been taken. 

As can be seen from the length of the arrests in 
carves 2, 3a and 3b the real surface of the 
metal is increa^ after it has been 
oxidised at 800° c. 

possesses phase properties, in so far as it is reduced at an almost constant 
potential as seen from the horizontal arrest on the curve. After the 
removal of this layer by means of cathodic polarisation the silver surface 
substantially differs from that of ordinary untreated silver. This is seen 
from the anodic and cathodic diarging-curv^ obtained on such silver 
(curves 3a and 3b respectively), on wUch two cbaractenstic horizontal 
arrests appear. Apparently ordinary silver has a random surface structure 
characterised by presence of sites with different energies of oxygen 
adsorption, whereas the snrface of silver oxidised at 800° is much more 
uniform. 

(&) Rapid Gharita£. — ^During rapid charging, formation and removal 
of ihe atomic layers at the corresponding potentials are not completed. 
Thus, the removal of adsorbed hydrogen from platinum on rapid anodic 
polarisation will not be completed at potent^s of the hydrogen range 
of the charging-curve ; part of the hydrogen will be removed at potentis^ 
cotrespond^g to tbe double-layer range. Such " blurring " of the 
h3rdrogen and oxygen arrests results in a smoothing-out of the charging- 
curve at higher c.d.’s, the separate regions of the curve occasionally merging 
into a straight line or shifting along the potential axis. This is facilitated 
by the presence of substajices poisoning the electrode suxffice. The 
amounts of electricity delivered 1:^ -the current on the -various parts of 
such carves have no longer any nmply physical meaning. Particularly 
the capacity in the double-layer region always be too high as com- 

* Rakov, Thesis (lifoscow, 1947). 
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pared with equilibrium values since dectricity in this case will be expended 
not only in charging the double-layer, but also in forming or removing 
atomic layers. When the electrode surface is kept clean and the charging 
is not too rapid (charging time i /loo sec. for the entire curve) it is possible 
to obtain curves which preserve, in the main, a correct form. Curves 
for platiTinm dosely approaching equilibrium conditions are also given in 
Hiclding’s latest paper. It should be observed that on the latter curves 
the capacities in the ciouble-layer range are still too great — of the order 
of 300-400 /iF/cm.®, which is probably due to overlapping of the hydrogen 
arrest on the douWe-layer range as a result of rapid char^g. The 
deviation of the charging-curves obtained, when the electrode is charged 
in such a short time, from equilibrium conditions follows from our data.^® 
Thus the curves obtained during anodic and cathodic polarisation form 
loops (Fig. 4, curves a and b). On the basis of these curves several con- 
clusions can be made concerning the kinetics of the electrochemical 
adsorption of hjj'drogen and 
oxygen. It appears from Fig. 4a 
that the oxygen layer is form^ 
and removed more slowly than 
the hydrogen layer inasmuch as 
the direct and reverse curves 
form a much larger loop at the 
upper arrest. The potential at 
wldch oxidation begins in the 
case of rapid charging, i.e. at 
which the upper arrest appears 
on the chaagmg-cun’e depends 
on the density of the chsLrging 
current. It is evident from 
Fig. 46 that in the presence of 
CF ions no oxygen layer appears 
on the platinum during the 
charging time, i.e. under con- 
ditions of the experiment in 
z/ioo sec., since no upper 
arrest is observed on the curve. 

On the other hand, intheabsence 
of CF ions (Fig. 4, curve a) an 
appreciable amount of oxygen 
is actually deposited on the 
electrode and removed from it 
during the same period of time, 
the presence of CF ions here observed is of importance in explaining the 
depassivating action of the CF ion on metals. These results point to 
the condnsion that this action is primarily due to an inhibition of the 
formation of the pa^vating oxj^en layer in the presence of Q' ions. A 
more detailed investigation has shown that the iuMbition of the oxygen 
adsorption on anodic polarisation sets in beginning with a concentration, 
of CF ions of the order of o-oi-o*ooi n. A similar effect of the Q' ion 
has been described in a paper by Hicklmg.^® 

The same author has recently published data on charging-curves ob- 
tained with a gold electrode at high c.d.'s.i» In this paper he states that 
the results obtained by Deborin and Ershler with gold at low c.d.'s 

1 ® Ershler, Trans. 2,nd Meeting on Metal Corrosion, Acad. Sci., U.R.S.S., 1943 
3 , 52. 

^ Ershler, Thesis (Moscow, 1941). 

“Hickling, Trans. Faraday Soc., 1945, 41, 333. 

u Hjckling, Trans. Faraday Soc., 1946, 4a, 522. 

“ Deborin and Ershler, Acta Physiccxdnm., 1940, 13, 347. 
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Fig. 4. — ^A.c. charging-curves at 50 c.p.s. 
(o) in N. HjSO^. 

(6) in 0-4 N. HQ. 

The electrode potential (in volts) referred 
to the reversible hydrogen potential in the 
same solution is plotted against the quantity 
of electricity passed through the electrode. 
The length of the projection of the curve on 
the x-axis equals the amount of electricity 
passed during half a cycle, i.e. during 
i/iooth sec. The upper portions of the 
corves correspond to the anodic, the lower 
ones, to the cathodic half-cycle of the alter- 
nating current. 


The inhibition of oxygen adsorption in 
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axe not confirmed. As shown in the present paper, however, an agree- 
ment of the curves obtained 'with slow and rapid charging is in general 
not to be expected. The divergence of such curves in the case of gold 
points to the faict that various details detected with low densities of the 
charging current disappear Avith higher densities in consequence of the 
slowness of the corresponding processes. 


II. Kinetics of the Formation of Adsorbed Layers and of the 
Dissolution of Metals from Measurements \^tih Alternating 
Currents. 


As stated in the paper by Frumkin, published in the present issue, 
measurements of the capacity and conductance of an electrode in an 
alternating current can be us^ for a direct determination of the velocity 
of the di^harge of hydrogen ions on Pt.^^ The same method may be 
applied to an investigation of the kinetics of other difier^t electrode 
processes on the basis of the following considerations. If an electrode is 
in equilibrium with a solution containing an excess of an in(hSerent 
electrolyte and the exchange of the potential-determining substance pro- 
ceeds at a sufficient rate, then, as has been shown by Kriiger the be- 
haAiour of an electrode with a surface of i cm.* in an a.c. of frequency a 
is equivalent to that of a capacity C and a conductance n coimected in 
parallel, and being determined by the relations 


C c^J 2a» 


^ nF* I 

n « 


Deo 

2 


(I) 


where D is the diffusion coefficient of the potential-determining substance, 
n its valency, the concentration of the potential-detennming substance 
in moles per cm.*, Cj the capacity of the double layer ; F, R and T have 
the usual meaning. 

If the surface reaction is slow, Kruger’s relations will not be valid. 
In this case it will, however, still be possible to calculate the values of 
capacity and conductance of the elective. Let us give the final results 
of some calculatious of this kind omitting the deriA-ations which Avill be 
given elsewhere. 

If the discharge reaction Me »+ «e Me is slow and /q denotes the 
density of the exchange current, then Ave find the following relations for 
the capacity ^ and conductance H of the electrode 


2C 


I + 




( 2 ) 


where 


I -f- 


r = 



2fl 


C and n are determined from (i), and 


n 



The last expression is obtained using the ordinary assumptions of the 
theory of slow discharge. If an ion gives rise to the formation of an 


** DdUn and Ershler. ibid., X940. 13, 747 ; Bosentfaal. Dolin and Er^er, 
ibid., 1946, ai, 213. 
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adsorbed layer, which increases the capacity of the electrode (as compared 
with the usual value for the double-la5rer capacity), and the adsorption 
rate under equilibrium conditions, exinressed in electric units, equals 

/b amp./cra.*, then we find for the capacity C and conductance 17 of the 
electrode 


C = 


C, 

I «*C**r* 


+ Cl 


(3) 


n = 


I 4 - 


where 


C. 


2 CC . 
2C “1“ C 


r 


i-h-L: 17 = 
217 



C 77 being determined by the fojrmulsB (1) ; C is the equilibrium 
capacity of the adsorbed layer. 

The” relations of the capacity and conductance to the frequency and 
the concentration as given by eqn. (i), (2) and_(3) are different. 

For example in the case of equation (i) 17 grows proportionally to 
the square root of the frequency, but is always less than wC. In the case 
of equation (2) 17 tends to a limit with increasing frequency which equals 
i.e. the density of the exchange current multiplied by In 




RT' 


the case of rapid adsorption it follows from eqn. (3) that atC and 17 increase 
continuously with the frequency, but ^ can exceed a>C. hi the case of slow 
adsorption equation {3) yields curves, in which again If tends to a Umit, 
equal to the density’ of the exchange current at equilibrium, multiplied 
nF 

by The latter case is analogous to the one observed in the discharge 
of !!■*• ions on Pt.'* 

From these examples it will be se^ that an analysis of the results of 
measurements conducted in this way permits to determine the role of 
the diffusion stage and of the electrode reaction rate in the kinetics of the 
electrode process, as also to measure directly the velocity of the reaction 
itself under equilibrium conditions if it is not too fast. 

Investigations of this kind carried out with mercury in equilibrium 
with solutions containing mercury ions in different concentrations have 
shown, that up to a frequency of 5000 c.p.s. and up to a concentration 
of o-oi N. Hgi (CIO 4), in a solution containing 2 n. HCIO* the behaviour 
of the electrode is very well described by equation (i). This shows that 
the rate of discharge of mercury ions is greater than 77 at <0 = 3000 c.p.s. 

hF 

in this equation, multiplied by i.e. in the case of O'Oi m. Hg, (CIO 4), 


greater than 0*04 amp./cm.*t 

In the case of a mercury electrode in 2 n. HCIO4 containing 0*01 n. HCl 
the dispersion of the capacity and conductance with frequency was in 
good agreCTient with the values calculated by equation {3) if 77 was 
equal to 00. This concordance proves that the adsorption of Q' ions 
on mercury proceeds with a high velocity. The dischai^ of anions, e.g. 
hydroxyls on Pt, as has been mentioned above, proceeds, on the contrary, 
very slowly (see also § III). The differeace in the rate of anion discharge 
on mercury and platinum can be perhaps accounted for by tuwwiTnnTtg 
that the discharge of an anion on a metaUc atom loosens the bonds be- 
tween the latter and its neighbours to a certain extent ; a discharge of 
this kind should therefore proceed more slowly on a solid metal. An 


Rosenthal and Ershler (unpublished data). 
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inN-estigation is being conducted at present in this laboratory on the 
kinetics of the dissolution of a number of metals, as well as on the kinetics 
of other electrode reactions using the capacity and conductance measure- 
ments method. 

In a recent paper by Breyer and Gutman n equations are given for 
the calculation of the capacity and conductance of an electrode, which 
differ from formula (i). The general applicability of these equations 
seems, however, to be questionable, in so far as they have been derived 
from the assumption that at each value of the potential, arising on a.c. 
charging, a current flows through the electrode equal in streng^ to the 
steady state current flowing at this potential. It is easy to s^ow, how- 
ever, that when currents even of a comparatively low frequency (several 
c.F.s.) pass through an electrode, steady states are usually not attained 
and the electrode behaviour should therefore be described by equation (i). 
Only on very violent stirring of the solution and at very low a.c. fre- 
quencies can the relations obtained by Bre3'’er and Gutmann be valid. 


III. The Mechanism of Anodic Dissolution and Passivation 

of Platinum. 

A determination of the quantity of adsorbed oxygen from charging- 
curves may be used for an investigation of the influence of this oxygen 
on the kinetics of other electrode reaction, e.g. on the kinetics of the 
dissolution of a metal. 

In an investigation of the anodic dissolution of platinum in the presence 
of Cr ions it was shown that the kinetics of process is controlled 
by a mechanism of slow discharge. The slowest stage is the interaction 
of a cr ion and a Pt atom leading to the formation of a Pt — Q surface 
complex which weakens the bond between the platinum atom and the 
lattice of the metal and creates the necessary conditions for the removal 
of this atom. By rapid oscillographic registration of the charging-curves 
it was possible to determine ike dependence of the rate of anodic dis- 
solution of platinum on the amount of oxygen present on the surface. 
It appeared that very small amotmts of oxygen covexing only fr-y % of 
the platinum surface reduce the rate of dissolution by a flictor of 3 to 4. 
Thus, in this case, passivation cannot be attributed to the formation of 
an oxide layer insulating the metal from the solution. A possible esqplana- 
tion of the passivating action of the oxide layer in this case can be given 
assuming t^t the retardation of dissolution is due to a change in the 
electric field of the double-layer when adsorbed oxygen atoms appear. 
The direction of this field is such that it should hinder the formation of 
the Pt— Cl complex, i.e. should retard the lowest stage of the dissolution. 

The existence of an ^ectric fl^d produced by adsorbed oxygen atoms 
at the Pt-solution-interface was shown before by direct experiment,^' * 
in which case a desorption of anions from the double-layer was observed 
when an adsorbed layer of oxygen was formed. 

Sruumary. 

Charging-curves obtained at high c.d.*s permit the investigation of 
the kinetics of electrode reactions. It has been shown that the formation 
of an adsorbed layer of oxygen on Pt proceeds much more ^owly than 
the formation of an adsorl^ la3rer of hydrogen. The adsorption of 
oxygen is retarded in the presence of CF ions. The difference in the 
behaviour of gold when charged with low and high c.d.'s has been accounted 
for. 


^ Bte^ and Qatmann, Trans. Faraday Soe., 1946, 42, 643, 650. 

"l&nimer, Compt. rend. V.E.S.S., 1942. 37, 258, 262; Acta Physicoehim.t 
1944. * 9 . 139. 
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In the case of strong adsorption of oxygen on Pt, Ag and Au a change 
of adsorption properties of the metal siirface is observed, which is pre- 
served after the removal of firmly bonnd oxygen. The strength of the 
bond between adsorbed oxygen and metals increases with time and with 
the temperature of oxidation. 

A.c. measurements of the capacity and conductance of an electrode in 
equilibrium with a solution at difierent frequencies permit the investiga- 
tion of the kinetics of different electrode reactions. 

By'' means of such measuremen'ts it has been shown that the dissolution 
of mercury as 'virell as the adsorption of Cl"' ions on its surface proceeds 
with a high velocity. The reasons of the difference in the rate of ad- 
soiption of anions on mercury and platinum have been discussed. 

Data concerning the influence of adsorbed oxygen on the rate of anodic 
dissolution of platinum are given. 


La formation de couches d’hydrogfene et d’oxygfene, adsorbSes sur 
Pt, Ag et Au, a 6te 6tudi6e d’un point de vue cin^ique au moyren (i) de 
courbes de cha^e k hautes densit^s de courant et (2) de mesures, en 
courant ^altematif k diff^rentes frequences, de la capacite et de la conduc- 
tance d'une electrode en equilibre avec une solution. Les mer-aniHinwa 
de la dissolution et de la " passivation ’* anodiques du platine sont aussi 
consideres en fonction de la quantite d'oxygene adsorbe, que Ton 
k partir des courbes de charge. 


Zusammenfassimg. 

Die Knetik der Bildung von Adsorbatschichten von Wasserstoff und 
^uerstofi an Pt, Ag und Au wurde auf zwei Weisen untersucht, u.zw. 
(g) durch Aufladungskurven bei hohen S'tromdichten und (&) Wechsel- 
Jrommesungen, bei \’erschiedenen Frequenaen, der Kapazitat und Leit- 
mhigteit ^ner Elektrode, die mit einer Lfisung im Gleichgewichtszustand 
TO ’ . . Mechanismus der anodischen Aufidsung und Passivierung ■von 
Flatm wird mit Bezug auf die aus den Aufladungskurven berechnete Menge 
des adsorbierten Wasserstofife besprochen. 


Karpov Plwsico-Chemical Inst., 
Moscow. 


THE ANODIC BEHAVIOUR OF METALS. 
PART IV. SILVER. 


By A. Hickung and D. Taylor. 


Recsived i^ih September, 1946. 


In contouation of the work previously reported,! the anodic polarisation 

of silver has now been investigated by the oscillographic method which 
^ords the xm^aa of potential with quantity of electricity passed prior 
to o^^en evolution. No previous work on silver from the present stand- 
point has been published, but other methods of investigation have yielded 
some information. Luther and Pokomy » obtained an extensive sUver 


* .1945. 41. 333 : 1946. 4 », 318 ; Hidding 
and wice, toid. (in course of publication). ® 

• Z. anorff, Chem., 1908, 57> ago ; see also RoUet, Compt. rend., rgaS, 186, 748. 
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surface by plating the meted on to platinised platinum, and this was polar- 
ised anodi<^y at a small constant current in n. NaOH and a graph of 
potential against time obtained. Under these circumstances the polar- 
isation was very prolonged, and two definite anests prior to oxygen 
evolution were oteerved. From a knowledge of the amount of silver 
present and the quantities of electricity passed at each stage it was 
conclnded that the silver was first oxidisM quantitatively and reversibly 
to AgaO, and this in turn to Ag|Oa, no higher oxide being formed before 
oxygen was evolved ; it was sugge^ed timt in acid solution and in the 
electrolysis of solutioirs of silver salts a higher oxide, possible ^lO,, 
might be anodically produced. The anodic products obtained in the 
el^trolysis of solutions of silver salts have been examined by numerous 
investigators ; • in general peroxy-salts, the coirstitutions of which have 
been variously interpreted, are obtained, but there is some evidence that 
they contain a higher oxide than AgaO„ and it has been suggested that 
this may also be formed in alkaline solution under special conditions.* 

Experimental. 

The electrical circuit and the electroljiic cell employed were funda- 
mentally as pre\’iousIy described.* The electrical circuit was, however, 
modified slightly by the addition of appropriate switching arrangements 
so that the time base and charging circuit could be operated independently. 
In this way, in addition to the usual repetitive anodic and cathodic trac^ 
showmg directly the variation of potential with quantity of electricity 
passed, single sweep tracks of potential against time could be obtained 
for anodic and cathodic polarisations and for the decay of potential after 
pdlarisatiQn of the electrode. These single sweep tracks were found to 
have a limited application m assisting the interpretation of the repetitive 
tracks which are the more generally useful. The silver electrodes used 
were made by plating silver from a cyanide bath, in the form of a smooth 
coating ca, 0*004 in. thick, on to a platinum wire electrode of area 0*025 
sq. cm. sealed into the end of a gla^ tube. One plating served for 3 or 
4 expeiiznents, the electrode being cathodically cleaned ^er each experi- 
ment. Observations have been n^e mainly with n. NaOH as electrolyte ; 
additional observations have been carried ont in a variety of bufier 
solutions. Except where otherwise stated, all experiments were made 
at 18° c., usii^ air-free solutions in an atmosphere of nitrogen. 

In general results are shown as photographed oscillograms in which 
the ordinates represent potentials and the abscissae are proportional to 
quantities of electricity passed. Suitable horizontal reference lines at 
internals of 0*25 v. were photographed immediately after recording the 
polarisation txa(^, so that significant potentials can be read directly from 
the osdllograms. The quantity of electricity passed at any stage in the 
polarisation is computed from the known capacity of the conde^er used 
in series with the electrolytic cdl and the horizontal displacement which 
is governed by the voltage to urhich the condenser is charged (on the 
original photographs, before reduction, x v. on the condenser corresponds 
to an average horizontal displacement of ca. i mm.). Except where 
otherwise stated, a 6*1 ;tF condenser was used m series with the cell. All 
pot en tia l s quoted are on the hydrogen scale. 

Results. 

Behaviour in Alkaline Solution. — ^In Plate I, A, is shown the character- 
istic oscillogram in n. NaOH for the anodic polariration of silver at 18° c. 

* For a suTv^ with full lefereuces of the voy exten^ve eady literature, see 
Brown. J. Physic. Chem., 1916, 20, 6S0 ; also Weber, Trans. Elseirochetn. Soc., 
1918. 32, 591. 

* See Jixsa, Z. Elehtrochem., 19x9. 25, 146 ; Jirsa and Jelinek, Z. anorg. 
Chsm., 1936, 158, 61. 
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with, a polarising c.d. of 0*04 amp./sq. cm. The spot on, the extrenm left 
of the photograph indicates the steady oxygen evolution potential at 
the sa mft c.d. It may be noted that a very rapid initial build-up of 
potential is followed by two main steps or arrests, the potential ultimately 
rising to the oxygen evolution value. The oscillogram was found to 
chang[e only very slightly with time of electrolysis, and was satisfectoi^y 
reproducible. Stirring of the electrol3rte did not affect the polarisation 
track. In contrast to the metals previously studied,^ c.d. and temper- 
ature markedly influenced the nature of the track. In Plate I, B, is shown 
the anodic track at three different c.d.*s of 0*04, o-oi6 and 0*008 amp./sq. 
cm. severally, the osciUograins being marked 1, 2 and 3, in order of 
de c-reasiTig c.d. It is seen that at o*oi6 amp./^. cm. the potential never 
rises to the oxygen evolution value, but having reached the arrest im- 
mediately prior to f:his it actually decreases with increasing quantity of 
electricity passed, while at o*oo8 amp./sq. cm. the potential does not rise 
beyond the previous step. Increase of temperature had an effect vej^ 
similar to that of decreasing c.d., and this is illustrated in Plate I, C, in 
which are shown the anodic trac^ at 18, 40 and 80“ c., marked 1, 2 and 
3 severally, the c.d. in each case being 0*04 amp./sq. cm. Anodic pre- 
polansation had only a very slight effect on the oscillogram in alkaline 
solution tending rather to lengthen the steps in the curves. 

In Plate I, D, are shown the anodic and cathodic polarisation tracks 
at a c.d. of 0-04 amp./sq. cm. photographed together. It is seen that 
the cathodic track ^ows two arrests, the first relatively short and not 
very well defined, while the second lower step extends o\’er most of the 
track and occurs at a practically steady potential. Increase of c.d. 
tended to shorten the lower step as is shown in Plate I, E, in which two 
cathodic tracks at 0*04 (i) and o*i amp./sq. cm. (2) are displayed toge^er. 
At very low c.d.'s, the long step in the cathodic track showed occasional 
V-shap^ valleys, the phenomenon being rather what might be expected 
if successive layers of some anodic product were being reduc^. In Plate I, 
F, are shown cathodic tracks at 18, 36 and 54° c. (numbmnd i, 2 and 3 
severally}, the c.d. in each case being 0*04 amp./sq. cm. Rise of tem- 
perature tends to eliminate the upper step in the track, and lengthens 
the lower one. Anodic prepolaiisation was found to increase the length 
of the lower step, but lie effect was very transient and rapidly 
disappeared. 

The influence of various anions in alkaline solution was ascertained 
by using N. NaOH dectrolytes which had been made 0*05 u. with respect 
to the sodium salts of various adds. Carbonate, borate, phosphate, 
nitrate, sulphate and fluoride were without effect. Chloride, bromide 
and iodide gave oscillcgrams indicating that the silver 'was being attacked 
to form the appropriate halide, the potential remaining steady in the 
vicinity of the reversible value expected for an electrode of silver in a 
saturated solution of the appropriate sUvra* halide. The presence of 
NH^OH was found to have considerable influence on the anodic polarisa- 
tion track in alkaline solution. This is illustrated in Plate II, G, which 
shows the ordmary track in n. NaOH (i), and in the same solution made 
0*05 SI. with T^pect to NH4OH (2) ; a c.d. of 0*02 amp./sq. cm. and a 
series condenser of 15-1 fiv capacity were used in these experiments. In 
the presence of NH4OH it is noted that the potential never rises from that 
corresponding to the first main step. 

B^aviour in Buffer Solutions. — The effect of decrease of />h \'alne 
on the anodic behaviour of silver was investigated using a variety of buffer 
and acid solutions as electrolytes. Except where otherwise stated, a 
c.d. of 0*04 amp./sq. cm. and standard conditions were used throughout 
these experiments. In Plate II, H, are shown the anodic and cathodic 
tracks in n. NajCO, (approx. pB is) ; the anodic tracks shows that, with 
the qua n tity of electricity passed, the potential never rises beyond the 
customary first oxidation st^ in the pokuisation, and the cathc^c track 
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indicates merely the corresponding reduction. By using the single sweep 
circuit, and passing sufficient ^ectridty, it was found possible to force 
the potential to the oxygen evolution value and the total polarisation 
track obtained was fundamentally similar to that observed in n. NaOH 
but with the first step greatly extended. In 0‘IN. NaaB^O^ (approx. 
pu 9*2) the behaviour was similar to that in the carbonate solution but 
it appeared that some dissolution of metal to form an insoluble borate 
was also probably occurring. Thus in Plate II, I, are shown the cus- 
tomar}' repetitive anodic and cathodic tracks ; obserrations at different 
c.d.'s showed a displacement of potential in the tracks indicating the 
existence of some surface resistance at the electrode, and the cathodic 
track did not exhibit the usual wdl-defined step. Using the single sweep 
circuit it was possible to force the potential to the oxygen evolution \’alue, 
but the track was then enormously extended. In 0*2 m. KHfFO^ -r 0*2 u. 
NasHP04 (approx. pK 6-8) oxidation of the silver appeared to have been 
replaced completely by metal dissolution. The repetitive anodic and 
cathodic trac^ are shown in Plate II, J ; an anodic process sets in at 
approx. 4* 0-5 v. and can apparently continue almost indefinitely. The 
potential is in agreement with the reversible value of + 0-53 v. obtained 
for a sil\'er electrode immersed in the phosphate buffer to which a few 
drops of silver nitrate had been added, and apparently represents merely 
the potential of silver against a saturated solution of silver phosphate. 
By prolonged anodic prepolarisation in the phosphate buffer the track 
(2) ^own in Plate II. K, was obtamed ; the ordinary track (i) is also 
included for comparison. It is seen that after prolonged anodic pre- 
polarisation the potential can be made to rise towards the oxygen evolu- 
tion \’alue, but this section of the cur\-e is very indefinite, the potential 
being quite unsteady, and suggests the existence of a thick poorly-protective 
film on the electrode ; a brown film which readily broke away was indeed 
observed. In yet more acid solutions, the oscillograms indicated that 
the sole anodic process was the dissolution of silver and the corresponding 
cathodic process the discharge of silver ions. A typical example is shown 
in Plate II, L, which gives the anodic and cathcxlic tracks in N. HCl ; 
both anodic and cathodic processes occur at a potential of -f 0*23 v. 
which is in good agreement with the reversible static potential of -j- 0-22 v. 
obtamed for a silver electrode immersed in n. HCl saturated with AgQ. 

Measurement of the Oxide Potentials of Silver.^ — ^Values are quoted 
in the literature for the oxide potentials of silver, but these have generally 
been inferred from the static potentials of silver after anodic oxidation 
rather than determined by setting up independently the equilibrium 
systems. Thus Luther and Pokomy * give values for the oxide potentials 
in N. NaOH which corrected to the hydrogen scale are as follows ; 
Ag/Ag ,0 + 0-38 V., AgaO/Ag, 0 , + o-6i v., Ag, 0 ,/Ag, 0 , (?) + 078 v. In 
tlm present work an attempt has been made to establi^ the potentials 
independently. Ag^O was prepared by precipitation, washed and dried ; 
it was then mixed with finely powdered silver, shaken up with the chosen 
electxxfiyte, a short platinum electrode wholly immersed in the sludge 
formed, and the potential measured against a saturated calomel electrode. 
Under these conditions the following values, expressed on the hydrogen 
scale, were obtained : 

£leciiol3rte n. NaOH n. Na^COt o*iir. Na^B^Of 

Ag/Ag |0 Potential -f- 0*40 -f- 0*52 + 0*67 v. 

The potentials in n. NaOH and n. NajCO, were very steady and repro- 
ducible, but that in 0*1 n. NatB407 feU off with time. Pure AgiO^ was 
prepared by Watson's method,® mix^ with a little AgtO, and the potential 
in N. NaOH measured as al^ve ; a steady and r^rodncible value of 
4- 0*63 V. cm the hydrogen scale -was obtained. No reliable method for 

* 7, Chem. Soe., 1906, 89, 578. 
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the preparation of any higher oxide of silver in a pure state appears to 
exist, but the black product obtained on anodic oxidation of silver nitrate 
-with a platinum anode is alleged to contain a higher oxide, possibly AgaOs. 
A quantity of this product was therefore prepared, wa^ed wi^ water 
and N. NaOH in the cold, and its potmitial in n. NaOH then measured 
as above. The freshly prepared product gave a reproducible value of 
+ 0*79 V. on the hydrogen scale which decreased slowly with time ; on 
adding AgaO the potential dropped fairly rajndly to the vicinity of the 
value of + 0-63 V. observed for AgaOa. 

Measurement of the True Area oi the Sliver Electrode^ — ^To obtain 
an idea of the ratio, accessible aiea/apparent area, for the silver dectiode 
used, the method of Bowden and Itideal ‘ was employed in which the 
double layer csqiacity of the metal when used as a calhode in acid solution 
is measu^ and compared with that of mercury for which the accessible 
area may be assumed to be the same as the apparent area. Using the 
direct method of measurement,’ the capacity of the silver electrode in 
N. HjSO* immediately prior to hydrogen ewlution was found to have 
an average value of iz6 iiv per apparent sq. cm., while amalgamated 
electrodes under the same conditions had an average capacity of lo-g ftP 
per apparent sq. cm. If these values are accepted, the indication is that 
the true area of the silver electrode is about 11*5 times its apparent area. 
As a check on this, the capacity of a silver elective, prepared in the usual 
way, was measured by a quite difEerent method in which A.C. of low ampli- 
tude was superimpos^ on a direct polarising current and the fiuctiiation 
of potential between the silver cathode and a reference electrode was 
applied after amplification to the Y-deflecting plates of a cathode ray 
oscillograph ; the deflection produced was compared with those obtained 
by apphcation of the same alternating current to a series of standard 
capacities, ^d the unknown obtained by interpolation. This method 
gave a niinimum \’alue of 102 per apparent sq. cm. for the capacity 
of the sdvei electrode immediately prior to hydrogen evolution, n-nH 
11*7 liF per apparent sq. cm. for a liquid mercury ^ectrode under the 
same conditions. If those values are accepted, it would appear that the 
true area of the silver electrode is about 8-7 tunes its apparent area. 
Taking into account the difficulty of reproducing exactly a TuetaJli'p. surface, 
the agreement between the results by the two methods is fairly satis- 
factory, and it can be taken, probably without substantial error, that the 
true area of the silver electrodes used in the present work is about tmi 
times their apparent area. 


Discussion. 

The oscUlograms show that silv^ in sdkaline solution gives a char- 
acteristic anodic polarisation track, the form and extent of which is, 
however, markedly dependent upon c.d. and temperature. Under con- 
ditions such that the oxygen evolution potent!^ is attained, several 
stages in the anodic polariwtion can be detected : 

(i) A rapid, prolxtbly linear, rise of potential constituting the initial 
section of the tca^. 

(a) A long step in which the potential rises slowly and non-linearly ; 
there is some suggestion of a subsidiary step at the beginning of 
this stage. 

(3} A diortex well-defined st^ from which the potential rises ulti- 
mately to that of oxygen evolution. 

By anak^ with the previous metals studied, ^ it appears probable 
that stage (1) corresponds to the charging of a double layer. This section 
of the o»nll<^rams was so steep that it was not possible to obtain any very 

• Proc. Roy. Soc. A, 19*8, lao, 80. * See Hickling and Spice, loc. cit?- 
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precise measure of this double layer capacity, but such measurements 
as could be made indicated that it was in the region of 1300 fiF per ap- 
parent sq. cm. of silver swcfancQ. Allowing for the &u::t that the real area 
of the sur&tce is about 10 times its apparent area, thia value is of the same 
general order as that found for other metals.^ 

Stage (2) is clearly defined in the oscillograms and commences in 
N. NaOH at a potential of -j- 0-40 v., and in n. NaiCO, at -f 0-50 v. ; 
in 0*1 N. Ka,B407 the potentiM was found to vary with the current used, 
suggesting the presence of some resistance at the surface of the electrode, 
but by worldng at different currents and extrapolating to zero, the value 
of + 0'65 V . was obtained. As discussed in the e:q>erimenlkl section, 
the static reversible Ag/AgaO potenthds in these three solutions are -|-0’40, 
•+• 0*52 and -|- 0*67 V . seveially. The close agreement between th^ 
two sets of values strongly sugg^ts that the onset of stage (2) corresponds 
to the formation of AgjO on the silver surface, and the observations in 
the presence of NH4OH, in which AgaO is soluble, are in conformity with 
this view. As shown by the oscillograms the extent of stage (2) depends 
very markedly on the experimental conditions ; thus this stage is extended 
by decrease of c.d., rise of temperature, and decrease of pB value. The 
quantity of electricity passed in stage (2) can be estimated approximately 
&om the oscillograms, and in k. NaOH at 18** c. witix a polarising c.d. of 
0*04 amp./sq. cm. it is found to be about 7500 microccmlomba per ap- 
parent sq. cm. of silver surface ; this is sufficient to liberate approximately 
23 X 10'* atoms of oxygen. Taking the specific graHty of silv'er as 10*3, 
the diameter of the silver atom may be calculated to be approximately 
2*6 X io~* cm., and hence there -would be about i*5 x 10“ atoms of 
metal per -true sq. cm. or 15 x lo^' atoms of metal per apparent sq. cm. 
at a silver surface, assuming -the measured -value of 10 for the ratio ac- 
cessible area /apparent area to be sul^tantially correct. Hence under the 
usual conditions in n . NaOH the quantity of dectridty passed in sti^e (2) 
is sufficient to pro-vide for a layer of Ag ,0 approximatdy 3 molecules in 
thickness. At lower c.d.’s or mgher temperatures the quantity of elec- 
-tiicity passed in stage (2) is increased, indicating presumably a greater 
thickness of the Ag |0 film. The cathodic polarisation tracks serve to 
confirm these contusions. The lower well-defined step begins at a 
potential of abont + 0*25 v., appreciably more negative them the reversible 
Ag/AgfO -value, and its extrat is approximately the same as that of 
sts^e (2) in the anodic polarisation, and it depends upon experimental 
conditions in the same way ; it would thus appear to represent the re- 
duction of Ag, 0 . Additional evidence in support of this was obtained 
by oxidising a silver sheet anodically until it became covered -with Ag^O, 
and -then immersing it in k. NaOH and measuring its potential wMe 
bubbling hydrogen around it ; initially -the poten-tial -was -r 0-40 v., 
but it fell rapidly in the hydrogen atmosphere to the region of 4- 0*3 
to + 0'2 V . where it remained for some homrs before ultimately falling 
-to a negative value. The general conclusion reached, therefore, is that 
in the anodic polarisation of sil-ver in alkaline solution, following the 
charging up of the double layer, there occurs the formation of a film of 
AgiO process beginning at the reversible Ag/Ag^O potential ; it 
seems that tbia film (unlike the previous cases studied is porous and of 
Uttle protective power and it can therefore grow to a considerable thick- 
ness, even in the initial stages of polarisation. Any factor -tending to 
increase rate of reaction or diffusion, snch as rise of temperature, or to 
diminish rate of oxygen accumnlation, such as decrease of c.d., tends -to 
increase the -thickn^ of tiie film. It has been pointed out above that 
there is some su^estion of a subsidiary step at the b^inning of stage (2) 
in the polarisation, occuning at a slightly lower potential and of very 
short duration. It is not sufficiently wdll-^fined to permit of identifica- 
tion, nor does it appear separately in the cathodic tracks ; it may repre- 
sent some adsorption of oxygen prior to Ag|0 prodnction, or concei-vably 
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the incipient formation of a silver suboxide the existence of which has 
been reported.* 

The characteristics of stage (3) in the anodic polarisation track are of 
great interest. At high c.d.'s at room temperature it appears as a well- 
defined flat step at 4- 0*88 v. in n. NaOH passing ultima^y into oxygen 
evolution. The quantity of dectiicity pas^ from the beginning of the 
step to the point where the potottial approaches the oxygen evolution 
value can be estimated approximately £cbm the oscillograms, and when 
ihe step is completed it h^ a fairly definite value of about 4300 micro- 
coulombs per apparent sq. cm. This is su£S.cient to liberate approximately 
14 X xo^* atoms of oxygen, or approximat^y x atom of oxygen for each 
atom of silver in the suifime. Since the silver has previously been oxidised 
to AggO, these figures would correspond roughly to the formation of a 
unimolecular film * of AggOg, but too much importance cannot be attached 
to this result since the data are necessarily somewhat uncertain. The 
potential of stage (3) is ven» definite at -f- o-88 v. which is much higher 
than the Ag ,0 AggOj potential of 0-63 v., and is most nearly approadied 
by the potential set up by the silver peroxynitrate product which was 
measured as -7-0-70 v. It appears certain, therefore, that stage (3) in 
the anodic polarisation represents the formation of an oxide of silver 
containmg more oxygen than Ag» 0 „ and possibly to be represented as 
AgjOj although the e^•idence on this point cannot be considered con- 
clusive. At low c.d.’s or high temperatures the potential may rise to that 
of stage (3) m the anodic polarisation, but then falls with increasing 
quantity of electricity passed, giving a characteristic peak in the oscillo- 
gram. ^ This seems tmmistakalfly to indicate that the polarisation leads 
primarily to this higher oxide, but under the conditions of its formation 
it is unstable and decomposes. To examine this decomposition, the 
decay of potential at an anodically polarised silver electrode on open 
circuit was investigated both using the cathode xay oadllograph, and 
more precisely by using an interrupter and thyration-potentiometer tech- 
nique.i® The results were in all cases the same; after a short arrest 
beginning at about 4- 0*88 v., the potential fell rapidly to 4" 0-63 v. 
— ^the value for the AgaO/Ag,Ot electrode — and thereafter decreased 
very slowly. The general conclusion to be drawn would therefore seem 
to be that in the anodic polarisation of silver in a-llrah'-ni* solution Ag^O 
is first formed in a film tlm thickness of which depends upon the experi- 
mental conditions, and that the next stage of oxidation is the formation 
of a higher oxide containing more oxygen than Ag, 0 „ possibly Ag,Oj, 
which, however, decomposes to give the dioxide. This decomposition 
probably proceeds by interaction with the monoxide previously formed, 

-AgiOi 4- AgyO = 2 Ag, 0 „ and in conformity with this it may be 
noted that addition of Ag ,0 to the silver peroxynitrate product brought 
about a in pote nti al (vide supj'd). It is to be emphasised that there 
is no airest at -j- 0*63 v. in the anodic polarisation curves, indicating that 
AgjOj is not pritfutvily formed in the anodic polarisation but arises purdy 
as a seconda^ product.^' The cathodic polarisation tracks are in agree- 
ment wth the general conclusion reached. They diow an upper step 
extending from about 4 " 0"75 'to 4" 0*50 v. which probably r^resents the 

• See MeOor, Comprehensive Treatise. Vol. Ill, p. 368. 

• This result would suggest that of the Ag^O previously formed only the uni- 
molecular layer in immediate contact with the silver surface is oxidised to Ag.O,. 

See Hjcklii^ and Satt, Trans. Faraday Soc., 1941, 37, 450, for details of 
the method. The observations mexitioxied wexe as part of a nneral study 
of the decay of oxygen overvoltage which will be published later. 

“Luth^ and Pokomy* concluded that Ag, 0 , was primarily formed, but 
tn^T expenmental method sexved only to dete^ the anodic products present 
after to appreciable ti me . A close examination of their results actually diows 
a in their polarisation curves representing the decay of some hi ghi-r oxide 
imtiaDy formed (as found in the present work) but they did not comment on this. 



284 the anodic behaviour OF METALS 

reduction of Ag, 0 , and any liiglier oxide as yet undecomposed to Ag, 0 , ; 
at higher temperatures this step disappears indicating that all oxides 
higher than Ag, 0 , if formed, have been decomposed. 

The remarks so far made apply to the behaviour of a silver anode in 
NaOH solution. In a n. NatCO, dectrolyte the anodic process appears 
to be fundamentally the same, but tiie step representing the formation 
of AgtO is greatly extended. In o*i n. Na^BiPf the main anodic process 
appears to be the formation of silvm' monoxide, probably accompanied 
by the production of silver borate, and the potential can only rise with 
difficulty to the QX3^n evolution value ; the track is then so extended 
that it is impossible to distinguish any intermediate stages with certainty. 
In yet less alkaline solutions silver never becomes satisffictorily passive, 
and the anodic and cathodic proc^ses as indicated by the os<^ograms 
are merely the dissolution of silver and its deposition. 

The authors* thanks are due to 'iSx. S. HiU for making the measurements 
on the decay of potential by the interrupter and thyiatron-potentiometer 
technique. 


Summary. 

1. The initial build-up of anodic polarisation at a silver anode over 
a wide range of conditions has been im-estigated using the cathode ray 
oscillograph. 

2. In NaOH solution three main stages in the polarisation have been 
distmguished : they are (a) the charging of a double layer, (h) the formation 
of AgiO in a film the tluckness of which depends upon the experimental 
conditions, and (c) the formation of an oxide of silver higher than Ag|0, 
which decomposes to give the latter substance. AgiO, is not primarily 
formed in the polarisa^n, but arises as a secondary product. 

3. With progressively decreasing alkalinity of electrolyte the anodic 
polarisation at first remains fundamentally the same as in NaOH but with 
increased formation of silver monoxide, but from the region of pn 9 
downwards a silver anode does not become satisfactorily passive and the 
anodic process is merely the dissolution of silver. 

R68um6. 

(1) La toute premia formation d’nne polarisation anodique & une 
anode d’acgent a 6td ^tudi^ au moyen de Toscillographe cathoffique dans 
des conditions tr^ vari^. 

(2) Dans des solutions de NaOH, on a distingu^ trois stades principaux 
dans la pcfiarisation : {a) la charge de la double couche, (6) la formation 
d'un film de AgaO. dont T^paisseur depend des conditions exp^iimentales 
et (c) la formation d'un oxyde d'aigent sup^rieur k AgaO| et qui se de- 
compose pom donner ce dernier. AgtOt n'est pas un pi^uit primaire 
de la rea<^<m, mais un produit secondaire. 

(3} Avec une alcalimte progressivement decroissante de reiectrolyte, 
la polarisation anodique demeure tout d'abord fondamentalement la 
mfeme qne NaOH, seulement avec une formation accrue de monoxyde 
d'aigent, mais pour des pu inferieurs k 9, une anode d'argent ne devient 
pas passive de fa^on satisfaisante et le processus anodique est alors simple- 
ment la dissolution de I’argent. 

Zusammeufassung. 

(1) Das anffingliche Anwachsen der onodischen Polarisation einer 
Silbcffanode wurde unter ganz diversen Bedingungen mit Benfitzung 
eines Kathodenstrahloszillographen untersucht. 

(2) In NaOH-Lbsungen sind dxd Stnfen im Polarisationsrorgang 
ausnebmbar ; (a) die Aufiadung einer Doppelschicht, ( 2 >) die Bildnng 
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eines AgjO — F ilms , dessen Dicke voa den Versuchsbedinguiigeai abbfingt, 
und {c) die Bildung eines Oxyds hdher als AgfO,, das sich in das letztere 
Oxyd umsetzt. Ag» 0 , selbst ist nicht ein primares Produkt bei der 
Polarisation, sondern entsteht als sekond&ies I^dukt. 

(3) Bei abnebmender Alkalinitat des Elektrol}^ bleibt die anodische 
Polarisation zanachst im giossen und ganzen am selben Wert wie ffir 
NaOH, aber die BUdung von Silbermaiioxyd nimmt zu. Dagegen ■wird 
im Gebiet, wo der />H-Wert kleiner als 9 ist, die Anode nicht geoiigend 
passiv der anodische Votgang ist lediglit^ die Aufldsung von Silber. 


Department of Inorganic afid Physical Chemistry, 
University of Liverpool. 


THE DISCHARGE OF THE ZINC-LEAD DIOXIDE 

CELL. 

By W. H. Beck and W. F. K. Wvnne-Jones. 

Received 25th March, 1947. 

1. Introductioii. 

In the previous paper an account has been given of various experi- 
mental conditions in preparation of the lead dioxide electrode and 
the efiect of these variations on the capacity of the zinc-lead dioxide cell 
when discharged under standard conditions. In that investigation our 
aim was to di^over how the capacity of the cell depended on the conditions 
of discharge, when the lead-dioxide electrode was prepared by a standard 
procedure. In this work, the effects of varying the nature of the ceil 
electrolyte, its temperature, and the rate of discharge have been examined. 
It has teen found that the capacity of the cell depends on all these factors. 
We have also examined, at a single temperature, lead-dioxide electrodes 
prepared by an entirely different method, namely, anodic deposition from 
aqueous lead nitrate, but for this electrode we have used si^phuric acid, 
and a few acids giving soluble lead salts. In this case also, ^e capacity 
of the cell was found to deprad on the rate of discharge. 

2. Experimental. 

2. 1. Method. 

2. i.i. — The cell was discharged through fixed resistances of different 
values to give varying rates of discharge. The discharge was followed 
by observing the change in cell voltage with tune. The voltage was 
measured on a Cambridge Unipivot millivoltmeter (with a suitable series 
resistance). The meter was frequently calibrated against an accurate 
potentiometer, and could be read to ±, 0-004 The voltage changes 
in the first few seconds of discharge were followed photographically on a 
Cossor double-beam oscilloscope with a d.c. amjfiifier. The external 
resistance across the cell terminals was measured with an accuracy of 
o-z on a post-office box. Time was measured on an electric clock run 
off the A.c. mains, and could be estimated to the nearest second. Dis- 
charge was started by dropping the dry zinc and lead dioxide electrodes 
into the cell dectrolyte. 

2. X.2. — ^The capacity of the cell per sq. cm. of surface was calculated 
from the area in volt-seconds under the voltage-time curve for the dis- 
charge, between the time ordinates t = o, and t = the life of the cell, 
divid^ by the exteroal resistance in ohms, and the apparent area of the 
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oxide electrode in cm.*. The hfe of the cell was taken to be the time for 
which the cell voltage remained above 75 % of its TnaviTmim value. 
Beyond this time, the voltage fell very rapidly to a value not character- 
istic of the normal zinc-leajd dioxide cell. The mean c.d. of discharge 
for a particular value of the external resistance was calculated as the 
capacity divided by the life, and is expressed in ma./cm.‘ of apparent 
sui^ce of the oxide electrode. The maximum c.d. for a particular \'alue 
of the external resistance is simply the maximum cell voltage divided by 
the product of the external resistance and the apparent area of the oxide 
electrode. 

2. 2. Preparation of the Lead Dioxide Electrodes. 

2. 2.1. — ^The two tj^ies of oxide electrode wiU be referred to as types 
I and II. Type I, which was spechdly stabilised for this work, was pre- 
pared as follows. 

A smooth, fine-grained layer of lead, 0*0025 cm. thick was deposited 
on a suitable base from a lead perchlorate solution containing 5 % lead, 
5 % perchloric acid, and 0*25 % peptone by weight.^ The bath 
was run at 18^ c., pure lead anodes were employ^, and the deposition 
was continued for 20 min, at a c.d. of 2 amp./dm.* at the cathode. The 
lead deposit was now thoroughly washed in cold water, rinsed ■with alcohol, 
and dried in a current of air at 60° c. An area of 5 sq. cm. of the lead 
deposit ■was now oxidised in the following manner. 

(а) Oxidised for 15 min, at 2 amp./dm.^ in a solution containing 100 g. 
KajSO*, and ii g. KCIO4 per litre, at 18® c. ; washed for i min. in running 
cold water, 

(б) Reduced for 3 mm. at 2 amp./dm.^ m normal sulphuric acid. 

(c) ReoxLdised for 15 min. at 2 amp. /dm.* in norm^d sulphuric acid ; 
washed for i min. in running cold %vater, rinsed ■with alcohol, and dried 
in a current of air at 60® c. 

In this way one obtains a layer of oxide with an average thickness of 
about 0*002 cm., consisting of -very finely divided lead dioxide of a dark- 
brown colour, with a few minute, white specks. The capacity of these 
^ectrodes measured under standard conditions (by discharging against 
amalgamated zinc in 30 % sulphuric acid through a fixed resistance of 
32 ohms), was sufi&dently reproducible for the present work. The order 
of reproducibility is illustrated by the capacities of 24 electrodes disdiarged 
under the standard conditions. The mean capaci'ty was 5*00 coulombs/cm.* 
with a R.H.S. deviation of ± 2*2 % and of the 24 electrodes, 20 had capacities 
within the range 4*89-5*11 couloml^/cm.*, the remaining four having the 
capacities 4*65, 4*81, 4*86 and 5*18 coulombs/cm.*. 

2. 2.2. — ^The bath used m preparing type II was an aqueous solution 
of lead nitrate (4ro g. to i litre of water), containing a suspension of finely 
ground yellow Utha^e, to maintain a constant concentration of lead in 
the bath. The bath was run at 30® c., with an anode c.d. of 3*3 amp. /dm.*. 
The cathode was of pure lead, and ihe anode on which the lead dioxide 
was deposited was of steel which was pre\’iously etched for 5 min, in a 
mixture of i part bj' volume of concentrated nitric acid to 3 parts water 
at approximately 3® c. The deposition of lead dioxide under these con- 
ditions was roo % efficient, so that the amount of electricity passed was 
a direct measure of the amount of lead dioxide precipitated at the anode. 
In the present case, the electrodeposition was continued for 7 min, cor- 
responding to a theoretical capacity of the oxide dectrode of 13*9 
coidombs/cm.*. 

This type of electrode difiers markedly from type 1 in appearance. 
It is of a blue-grey colour, and has a pronounced ^een. It is ^'ery hard 
and compact in contrast to the soft, porous nature of the formed type of 
deposit, and. in feuit strongly resembles a good dectrodeposit of me^. 

* Mathers. Trans. Amur. Ehctro^nn. Soc., igio, 17, 261. 
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2. 3. The Cell Electrolytes. 

2. 3.1. — ^The discharge of the zinc-lead dioxide cell in which the oxide 
electrode was of type I was examined at two temperatures 18® and — 18“ c., 
in three electrolytes, sulphuric acid (A), h3^ochloric acid containi n g 
phosphoric acid (B). and hydrochloric acid of the same concentration as 
in (B), but containing a higher concentration of phosphoric acid (C). The 
phosphoric acid in electrolytes (B) and (C) was added to cut down the 
solubility of lead in these solutions. Electrolyte (A) could be regarded 
as a normal electrolyte in which only electrochemical action can occur, 
(Bj and (C) as abnormal solutions in which chemical as well as electro- 
chemical action can and did, in fact, occur. The chranical action which 
took place was the oxidation of the hydrochloric acid to chlorine by the 
lead dioxide. The composition of the three solutions was as follows. 


Electcolyte A. Sulphuric acid .... 367-5 g.Jl 

Mercuric chloride .... lo-o g./l 

Electrolyte B, Orthophosphoric acid . . . 687 g./l 

Hydrochloric acid .... 27*8 g./l 

Mercuric chloride .... 20-0 g./l 

Electroh-te C. Orthophosphoric acid . . . 1005 g./l 

Hydrrchloric acid .... 27-8 g./l 

Mercuric chloride .... 20-0 g./l 


The mercuric chloride was added to each electrolyte in order to amalgamate 
the zmc electrode. This ser\'ed to cut down the irreversible chemical 
reaction between the zinc and the electrolytes. The results were the same 
if the zinc was amalgamated before iminersion in the electrolj’te, apart 
from a small effect on the cell voltage. 

2. 3.2. — ^The discharge of the zinc-lead dioxide cell in which the oxide 
^ectrode was of type II was examined at 18° c., in normal sulphuric 
acid. In these ex^riments, no mercuric chloride was added to the cell 
electrolyrte, but the zinc electrodes were pre-amalgamated in a saturated 
solution of mercuric chloride. 

2 . 4. Temperature. 

For the experiments at — 18® c., the beaker containing the electrolyte 
was placed in a freezing-mixture of ice and sulphuric acid which w-as 
renewed every 7 min. if necessary. No attempt w-as made to cool the 
electrode down to — 18° c., before bringing them into contact with the 
cell electrolyte at that temperature, but the temperature of the solution 
was not observed to rise w-hen the electrodes had been immersed. 

2. 5. The Resistance of the Dry Lead Dioxide Electrode of 

Type I. 

The resistance of the dry lead dioxide electrode of type I to which 
reference is made later, was measured by a method aimilftr to that used 
in measmring the electrical resistance of powders. The electrode was 
placed between two h^hly polished brass plates z sq. cm. in area in such 
a way that different pressures could be applied to -&e oxide layer. The 
resistance between the brass plate in contact with the oxide and the metal 
base of the electrode was then measured on a post-office box. 

3. Results. 

3. 1. The Dischax^e of the Zinc, Lead Dioxide Cell; Lead 

Dioxide Electrode Type 1. 

The cell in electrolytes A, B and C at 18® and —18® c., was discharged 
through 8, 32 and 122 ohms. In all cases the apparent area of the oxide 
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and zinc electrode was 5 sq. cm. ; although the area of the zinc electrode 
was found to he immateriad at ordinary temperature. 30 cc. of electro- 
lyte were used in each case, the solution being renewed each time. The 
inter-electrode distance in the cell was the same in each case, 7’5 mm., 
and the size and shape of the besLker in which the electrolyte was placed 
was always the same. 

The results are shown in graphical form in Fig. i and 2, while some 



Fig. I. 



discharge cur\’es are shown in Fig. 3. In Fig. i , capacity is plotted against 
the mean c.d., and in Fig. 2 maximum volt^e against maximum c.d. 
In both figures, graphs A, B, C are for electrolytes A, B and C respectively 
at 18“ c. and graphs A', B', C" for the same electrolytes at —18“ c. In 
Fig. 3, in w'hich cell voltage is plotted against time, cur\’es A, B and C 



Fig. 3. 


are for electrolytes A, B and C at iS"® c., the external resistance being 
32 ohms ; curves A'. B' and C' for electrolytes A, B, C at — 18“ c., the 
external resistance b^g again 32 ohms. 

3. 2. The Discharge of the Zinc, Lead Dioxide Cell, Lead 
Dioxide Electrolyte Type II. 

The cdl in noxmal sulphuric add at zS*® c. was discharged through 
1040, 1550, 1990, 2400. 3400, 4180, 6350, 6810, 7620, 8750, 10,940, 13,100, 
i 4 * 74 ®> *0,000 and 25,000 bhrus. For values of the resistance much less 




W. H. BECK AND W. F. K. WYNNE- JONES 289 

than 1000 ohms, the capacity of the cell was virtually zero. In all cases, 
the apparent area of the zinc and oxide electrodes was 2 sq. cm., and the 
inter-electrode distance was 7-5 mm. The results are shown in graphical 
form in Fig. 4 in which ca^city is plotted against the mean c.d. The 
maximum voltage was in all cases 2*4 v. 

4. Discussion. 

Fig. I shows that the caps^ty of the cell in electrol3rte A is little affected 
by the rate of discharge within the range examined, at 18° c., though there 
is probably a slight fall at the highest c.d. (54 ma./cm.*). There are, 
however, two features of the results obtained with electrolytes B and C 
which may seem peculiar. These are (i) the rise in capacity with in- 
creasing c.d. at 18® c. shown with dectr^3rte B over the whole range, 
and witii electrol}rte C over the first part of the range ; and (2) the increase 
of capacity at — 18® c. at the lowest c.d. as compared with that at 18“ c. 
at the same c.d. These effects are due to the r.hftTmV.a.l reaction occurring 
in these electrolytes between the lead dioxide and the hydrochloric acid 
■which causes a loss of capacity. If it is assumed that at a given tem- 
perature the reaction proceeds at a constant rate, then the reaction may 
be represented as an addition i, to fhe actual c.d., tj. If the life of the 



Fic. 4. 



cell at the c.d., ij, is t sec., then the apparent capacity C of the oxide elec- 
trode, and therefore of the cell, is given by the equa^n 

C Cq — ij/, 

where Cq is the true capacity of the diectrode. This shows that if is 
plotted against^ the life of the cell, a straight line with negative slope 
should bo obtained. This has been done for acids B and C at 18® c. in 
Fig. 5. ^ For acid B, the graph is seen to be approximatd.y linear, and 
a negative slope as required. For add C on the other hand, though in 
the region correspondii^ to low c,d. and therefore long life, the graph 
appears to have a negative slope as required, it is not rectilinear. At 
the smalls value of t. corresponding to the highest c.d., there appears 
to be some additional effect causing a loss of capadty, since, from the 
appearance of the oxide electrode after discharge, there was no doubt 
t^t the chemical reaction occurred to a steadily smaller extent the 
higher the c.d. Since the chemical reaction might be expected to pro- 
ceed more slowly at — 18® c., the apjMurent gain of capacity at the lowest 
c.d, at the temperature as compm^ with the capadty at 18® c., is 
explained. 

Fig. I shows that at —18“ c., the capadty is in no case independent 
of the c.d., but decreases with increasiug c.d. The effect is greatest with 
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electrol^e C and least with electrolyte A. It would appear therefore that 
the additional effect noted only with electrolyte C at i8° c., operates in 
all cases at — 18“ c. 

From Fig. 4 it can be seen that the effect of c.d. on the capacity’ of 
cells in whi^ the lead dioxide electrode was of type II is already very* 
large at 18° c. In addition, the c.d.'s at which the effect is observed are 
considerably smaller than those for the electrode of type I, even at 
— 18° c. Tlie reason for this may be found in the marked difference in 
physical form of the oxide deposit on the two electrodes. We have already- 
noted that the deposit on ty^ I dectrodes was powdery, and very finely- 
divided, whereas in typo II it was very compact and almost metallic m 
appearance. It is certain, therefore, that for the same apparent area, the 
actual accessible area in type I is very much greater than that in type II. 
In view of this the conclusion seems plausible that the results foxmd with 
type II electrodes correspond in fact to those obtained with type I under 
apparently much more severe conditions of c.d. and temperature. The 
similarity in form of the graph C' in Fig. i and the curve in Fig. 4 supports 
this suggestion. 

There are two points of interest in the maximum voltage graphs shovtn 
in Fig. 2. The first of these is the nonlinearity of the grap^ for electro- 

l3^e A. The dependence of maviTmim 
voltage on maximum c.d. should be 
given by the equation 

V = E - ir. 

where F = the maximum voltage, 
E = the E.M.F. of the cell, i = c.d., 
and r = the internal resistance per 
sq. cm. of the cell. The graph of V 
against t should therefore be a 
straight line of slope — r. With 
electroly’te A, howe\'er, the slope 
appears to decrease wil^ increasing 
c.d. It is possible that this effect has 
a simple explanation. In the zinc- 
lead ^oxide cell there is a contribu- 
tion to the mtemal resistance of the 
cell from the resistance between the 
lead dioxide and the underlying metal 
of the electrode. From measurements of the resistance of the dry lead 
dioxide electrode, there is e\*idence that this component of the internal 
resistance of the cell decreases as the current increases. In carrying out 
these measurements it was found that for any given pressure apphed to 
the layer of oxide, the resistance of the electrode cdepended on the multi- 
plying ratio on the post-office box, but was alwaya the same for a given 
vidue of this ratio. This effect could only* be due to the alteration of the 
ciurent passing through the electrode when the multiplying ratio was 
altered. The magnitude of the current for each value of the multiplying 
ratio was therefore calculated and the results are shown in Fig. 6, in which 
the resistance per sq. cm. of the electrode is plotted against c.d. in 
ma./cm.^. Graphs A, B, C, E correspond to pressures of 1000, 2000, 
3000 and 4000 g./cm.' appli^ to the layer of oxide. It can be seen that 
in all cases the resistance decreases with increasing current. This might 
therefore account for the non-linearity of the graphs for electrolsrte A. 
The linearity of the graphs with electrolytes B and C may only be apparent,, 
since there are insufficient experimental points on the graph to enable a 
definite conclusion as to the form of the graphs to be made. 

The second point of interest is ffie effect of temperature on the slox>es 
of the graphs. Whereas with dectrolyte A, the slope is only slightly greater 
at —18® c., with dectrolyte B it is almost donbled, and with rfectrolyte C„ 
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tripled. It is unlikely that the temperature coefficients of resistance of 
the lead dioxide or of the electrol3ries are sufficiently large to account 
for such large changes in the slope. On the other hand, it was found 
that the effect of c.d. on capacity was greatest in electrolyte C, and least 
in electrolyte A. It is not unreasonable to suppose that the two effects 
are connected and may be attributed to a common cause. 

A suggestion as to the nature of this common cause can be made from 
an examination of the discharge curves shown in Fig. 3. It will be seen 
that these are of two types. In the first, illustrated by curves A and B, 
the voltage diminishes only very slowly for by far the greatest portion of 
the life of the cell, and just before the sharp cut-off at the end of discharge, 
the voltage is still only slightly less than its maximum value. This type 
of cur\'e was typical of ceUis which showed no loss of capacity other than 
that due to chemical reaction. In the second type of curve, illustrated 
by' curves and possibly C, the length of the flat portion of the 

curve is much smaller, or non-existent, and the voltage diminishes at 
an appreciable rate for the greater part or the whole of the life of 
the ceU. This behariour was characteristic of cells which showed a loss 
«tf capacity' not due to chemical reaction at the o.xide electrode. Refer- 
ence to Fig. 1, in which the points on the graphs at c.d.’s in the region 
10-14 ma. /sq. cm. correspond to the curves in Fig. 3, shows that the 
greater the loss of capacity', the greater the rate of decay of the cell 
voltage. 

The form of the second type of curve is compatible irith the assumption 
that the internal resistance of the cell increases during discharge. If the 
rate of increase of the resistance is sufficiently great, so that an appreciable 
resistance is developed in the short time (l^s than o*i sec.) required for 
the cell to acti^'ate after bringing the electrodes into contact with the 
^trolyte, the normal maximum voltage of the cell will not be reached. 
This could account for the abnormallv large slopes of the maximum voltage 
graphs for electrolytes B and C at - 1 18° c. 

If it is postulated that the resistance of the cell increases with the 
amount of electricity' given by it, then it is also possible to account for a 
loss of capacity m the follo^vmg manner. The voltage of a cell of e.m.f. E, 
and internal resistance r, dischaiging through a resistance R, is given by' 
the relation V = ER 'R ~r y', then if r increases sufficiently, the cell may' 
appear to collapse before it has been completely discharged. The capacity 
of the cell would therefore appear to be less than normal under these con- 
ditions. The effect of c.d. on the capacity may also be predicted. The 
above expression for the voltage of the cell may' be rewritten as 



^ A(i/F) be the change in i/F corresponding to the change in cell voltage 
from its initial value, which may' be laken as the Tnavi-m- nTn value, to the 
\'alue at the end of discharge. 

The change in r required to produce this change ACi/I’) is therefore 
given by the equation 

■^(r) =l(* + s) 

where Ar = the change in r. In the present instance, as shown by the 
ci^es in Fig. 3, the discharge could be regarded as complete when the 
cell wltage feJlen to 75 % of its maximum value. A(i/F) is therefore 
^um to 1/3 F*» w'here T’"» is the maximum voltage. For a given value 
R of the external resistance 
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If 2 values of the external resistance, and are employed, 

we shall then ha\'© t' y > 



The expression in brackets may be taken as unity to a first approximation 
since the change in F" due to a change in R, the external resistance, is 
small compared with the change in R itself. (Even in the case of electro- 
lyte C at — 18“ c,, the maximum voltage of the cell, is less than halved 
when R, the external resistance, is reduced 15 times from 122 ohms to 
8 ohms.) 

To a first approximation, therefore, 

Ari _ Ri 

Ar, R, 

•so that if Ri > Rt, A^i > Ar,. Thus, the greater R, that is, the smaller 
the rate of discharge, the greater Ar must be to cause premature collapse 
of the cell. Since it has been postulated that the internal resis'tance of 
the cell increases "with the amount of electrici'ty passed, 'then a greater 
•value of Ar corresponds to a greater amount of electricity passed. The 
capacity of the cell -vrill therefore appear to increase as the c.d. is lowered. 
If the c.d. is sufficien^tly reduced the cell may give its full capacity before 
r reaches a \^alue sufficient to cause premature collapse of the cell. Under 
these conditions the capacity would be independent of c.d. These pre- 
dictions are in qualitative agreement -with the results. 

A physical explanation of the increase of internal resistance during 
discharge of the cell may be found in the coating of the particles of lead 
dioxide with a protective film of some substance formed in the course of 
discdiarge. In sulphuric acid, such a substance might be lead sulphate, 
or in phosphoric acid, lead phosphate. In this connection the interesting 
observation •was made •that when 'the adnc-lead dioxide cell in which 'the 
oxide electrode •was of type II, was discharged in an electrolyte such as 
perchloric acid, nitric acid, or trichloracetic acid in which no insoluble 
lead salt is formed in the cell reactions, 'the capacity was much more normal 
at the normal c.d.'s of 4-30 ma./cm.*. In trichloracetic acid in fact the 
capacity was -virtually equal to the theoretical capacity of the oxide 
electrode. With the electrode of type II, in sulphuric acid, owing to 
the much smaller actual area of exposed surface of le^ dioxide, the amount 
of electricity which must be pa^ed to give the same protection under 
the same conditions would be expected to be considerably less than in the 
case of the electrode of tj^pe I where the actual area is considerably greater. 
This would account for the different results obtained with the two t3rpes 
of electrode. 

This work was carried out under an extra-mural research contract 
of the Ministry of Supply and the authors are indebted to the Chief 
Scientist of the hlinistry for permission to publish. 

5. Summary. 

The capacity of the zinc-lead dioxide cell has been found to depend on 
•the nature of the oxide-electrode, the nature of the elec'tr6l3rte, its tem- 
perature, and the rate of discharge. 

It is suggested that 'this is due to protection of the oxide electrode by 
substances formed in the course of discharge of 'the cell. 

Rteum4. 

On a trouvd que la capacity de la pile Zn-bioxyde de Fb depend de 
la nature de I'^ectrode de bioxyde, de la nature de rSlectrolyte, de la tern- 
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p^rature de celui-ci et de la \'itesse de ddcbarge. Ceci est probablement 
dii & la protection de I’^lectrode de bioxyde par des substances form6es 
pendant la d^harge de la pile. 

Zusammenf assung . 

Es ivurde gefunden, dass die Eapazit&t des ZinkBleidioxydelements 
von der Art der Henst^ung der Ox3rdelektrode, der Temperatnr und 
der Entladungsgescbvnndigkeit abbSngt. Es wild vorgeschlagen. dass 
dies auf einen Schutziiberzug der Oxydelektrode, der aus wSbrend der 
Entladung gebildeten Substanzen besteht, zuriickzuflihren ist. 

University College, Dundee, 

University of St. Andrews, 

Scotland. 


THE POTENTIAL OF ION-EXCHANGING 
SUBSTANCES. 


Bv H. J. C. Texdeloo. 
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The knowledge of the pH. is of ^eat importance in understanding a 
number of processes, both in chemistry and biology ; its measurement 
can be done easily, quickly and with accuracv. It would be of great 
value to have similar methods av-ailable for the determination of the 
activity of senium, potassium, calcium and magnesium, because these 
10ns are also important in biology and e.g. in soil science; consequently 
researches hav*e been conducted during several years to fi nd suitable 
electrodes. Though the activity of the 10ns just mentioned may be 
determin^ using an amalgam of the elements, these electrodes have only 
limit ed significance on account of the mterference of other ions. More- 
over, the methods are difficult. 

Therefore other methods have been investigated. T hin plates of 
min^ CaF„ sealed on a glass tube— filled with a solution of CaCI, and 
provided with an Ag-AgCl electrode — ^were used as calcium electrodes, 
but the reproducibility of the electrodes was bad, and their usefulness 
in mixtures of electrolyi^ was very limited. 

Electrodes were prepared by placing muscovite for several days in 
weak alkaline solutions of sodium, potassium or calcium ions, so as to 
replace the exchangeable ions of the surffice of the muscovite electrodes 
by sodium, potassium or calcium, thereby allowing the surface to function 
^ an electrode for one of these ions. However, after some measurements 
m dilute solutions, c = io-» to io-*m., the electrode had lost its special 
function and had become a h3rdrogen electrode because hydrogen i ons 
had replaced the metal ions on the surface. 

Marshall investigated membranes of bentonite,^ beiddlite * and other 
minerals for nre as potassium, sodium and calcium electrodes. 

The following is a surv’ey of investigations in collaboration with A. T 
Zwart Voorspuij and G. J. Vervelde. * 

The Glass Electrode. — It is known » that the glass composition is of 
primary importance and Meinnes and Dole were the first to show that 


I llatB^ and Bergman. J. Amer. Chem, Soc., 1941, 63, 1911. 

* Marshall and Krinbill, ib^., 1942, 64, 1814. 

•A smvey of the older hterature may be found in Ann. Reports, xqu 
^ 285 ; Zwart \ oorspui], Diss. (Utrecht, r943) ; Tendeloo and Voo^uij 
Rec. trav. chim., 1943, 62, 784, 793. ^ 



294 POTENTIAL OF ION-EXCHANGING SUBSTANCES 


difierent glass compositions have their ovm characteristics when used as 
hj'drogen electrodes. Coming glass 015 is to be preferred, but it is 
unsuitable when the is higher than about 9, or lower than about 2. 
Horovitz suggested that adsorption plays an important role m estab- 
lishing the potential of the gla^ electrodes. Lengyel and Blum found 
that special properties appeared when a glass contained AljO* or BjOg, 
whereas sub^tution of sodium in the glass by potassium, hthium or 
calcium did not materially influence the beha\'iour towards hydrogen ions. 

WTien a glass electrode behaves as an ideal hydrogen electrode, its 
value is 577 mv. at 18® c. for \pK = i. If, however, other ions take 
part in establishing the potential this value decreases. It is clear that 
all ions present in a solution will interfere with the surface’s ability to 
exchange its ions with those in the solution. Numerous researches on 
sods, permutites, minerals, clan's, etc., prove that ion exchange, as first 
mentioned by W’ay,^ takes place and that this is of great importance for 
fertility, soil structure, etc. Researches on other ionogenic surfaces, 
e.g. cellulose, starch, proteins, gum arabic, also point to ion-exchange. 
The fact that Coming glass 015 is rather insensitive to other ions, except 
those of hydrogen, pro\’iding their concentrations are not too high, must 
have something to do with its physico-chemical properties. 

It is of interest to note that minerals contai^g aluminium ions with 
the co-ordination \*alue of four show cation exchange, according to van 
der Meulen,® In the light of the work of Lengyel and Blum, a glass con- 
taining AlgOg was investigated in solutions of diflerent salts, the pa vaned, 
in an attempt to find a theoretical explanation fur this. 

It v'as decided to use a glass containing 6 % CaO, 14 “o LijO, 10 % 
AlfO, and 70 Oq SiO, by weight. The glass was blown out and a thin 
glass membrane was sealed on to one end of a glass tube. A solution 
of hydrogen chloride \vith quinhydrone and a Pt-electrode allowed con- 
nection with the potentiometer. The cell was completed in the ordinary 
way, using a saturated calomel electrode. 

The description of the experimental method, together with the results 
and a mathematical treatment of the potential of the glass electrode, 
may be omitted here as it has been published elsewhere.* 

The theory is based principally on the adsorption formula of Langmuir, 
written as 


[HX] = 


I -F A'JII-] 


(I) 


where A is the number of adsorption centres per unit surface, of which 
a number is saturated by adsorb^ H-ions, [HX], and the rest is present 
as [X“], so that 

A = [X-] -r [HX] (2) 


Assuming the glass to be a vreak acid with a dissociation constant 

[H-][X-] 


A'x = 


where K\ is given by : 


[HX] 




(3) 

(4) 


Applyn g the same considerations to other equilibria when sodiiun and 
caldum ions are present in the solution, viz. 


[Xa+][X-] 

• [NaX] 

[Ca^]t.[X-] 

ECajX] 


(5l 

(7) 



. ( 6 ) 
. (8i 


^■Way, J. Roy. Soc. Eng., 1850. n, 313 ; 1852, 13, 123 ; 1854, 15, 491. 
• van dw Meulen, Rec. trav. chim„ 1935, 54f 107. • Cf . *. 
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and substituting in the Nemst formula for the potential of a hydrogen 
electrode : 


IT RT , 


(9) 


where as. equals the hydrogen ion concentration in the solution and Cs 
equals the concentration of the adsorbed hydrogen ions on the glass 
membrane, i.e. [HX] one obtains 

~ In (1+ if'iCH"-] + A",[Xa-"] + A'.CCa]*) + Ci . (lo) 
or, in general, for dtSerent ions A, B, C . . . with valencies a, h, c . . . 

^ In (I + + ...) + C. (ii) 


Considering the deviation of the glass electrode from its behaviour as an 
ideal hvdrc^en electrode, Es, 

AH=‘^ln[H-] + C, . . . . (12) 

It follows from (10) and (12) 


^ In ( 


c A',Psar] 

A- [H-^] AT'xCH-] 


A'^[Ca++]t 

A\[H+] 


(13) 


The cun e obtained by plotting against the will deviate from the 
straight hue parallel to the pn-axis as soon as the glass electrode is no 
longer an ideal hydrogen electrode. Writing (13) 


AA' = AA + C„ . 


then A£ may be calculated from the measurements. 

Restncting the considerations to H-ions and Na-ions 
deduce that 


FAS 

e IW — 1 = 


I -j- A",[Na-] I 

K\ ‘ CH-] 


FAE 

log (e — I) == D = log B + ps, . 


. (14) 
one may easily 

. . (15) 

• (16) 


where 


B = 


I -r A'.[Na+] 
K\ 


Plotting D against pH, one can calculate log B and therefore obtain a 
value of Ki = the assumed dissociation constant of the glass. It 

A I 

has been found that a glass containing AIiO, has a greater dissociation 
constant than Coming glass 015. 

These researches showed, as had been foimd earlier by other investi- 
gators, that on changing the glass composition, the glass becomes more 
sensitive to other ions, as compared wi^ Coining gl^s 015, and that a 
characterisation of a glass, by something like a dissociation constant may 
give information about its usefulness as an electrode for difEerent if>n« ; 
it seems worth while, therefore, to continue these researches with other 
compositions. 


Potential of Plant Roots. 

The potential of plant roots has been investigated by Lundeg&rdh.^ 
He stat^ that the passage of ions in and ont is principally r^^nlated 
by exchange processes, and that the phenomena obeys the principles of 
membrane equilibrium and mass action laws. The protoplasma mem- 
brane is assumed to be a layer of oriented molecules, a small number of 

* Henrik Lundeg&rdh, Arbiv, Botanth, 1945, 3a, i. 
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which a dissociated, giving rise to the electric charge. Since the acidic 
properties prevail over the basic, the membrane substance behaves as a 
rather strong acid.® Similarly, Jenny,® using radioactive potassium, 
could prove that potassium ions could pass in and out of a root. 

The curves of the potential of a root as a function of the concentration 
of potassium ions in the outside solution (denoted by the negative 
logarithm of the concentration) could be described by an extension of 
the theory of the Donnan equilibrium.^® 

Assuming that a plant root consists of protoplasm which exchanges 
ions with the surrounding medium and which behaves as a weak acid 
(" root-acid ") with a dissociation constant K and a membrane, imperme- 
able to this add and its anions, but permeable to hydrogen and potassium 
ions, the theory may be de\'eloped as follows. 

The concentration of the root-acid, HZ. being A one obtains according 


to mass action law 

[Z-][H-] 

[ZH] ■ • 

and with [Z~] -}- [ZHl = A, 

AK 

^ A -r [H-]- ■ 

• 

• (17) 

. (18) 

Putting K' = 



^ I -i- * 

• 

. ( 19 ) 


If the root is placed in an acid solution of potassium chloride the 


Donnan equilibrium will be 


Root 

Membnoe. 

Solatlon. 

Components . . HZ 

z- 

K+ 

H+ Cl- 1 K+ 

H+ 

ci- 

Concentrations . A — Xi 

*1 

yt 

y» ( ct 

Ct 

Cii-Ct 

In this equilibrium one has 

V 

_ £1 _ 
yi 

_£* 

y* 

Cl -t- Ct 


• (20) 


and -r <?• = (21) 

and with (19) 

A 

“ I -r X'y,* 

From (20) and (21) it follows that 

V* + (n'Ci -| — — — V — K'Ci = o. , . (22) 

\ Cj -f Cg/ 

Assuming values for A, K' and one can calculate at different values 
of Cl, the corresponding values of v. Now according to Nemst the potential 
of the root at 18° c. is 

■E = — 57-7 log t' • • • • (23) 

which can be calculated. 

The calculated curves show a great similarity with the experimental 
ones. Next an attempt to calculate K* and A from experimental data 
was made. Knowing Cj, Cg and v one can obtain, using two measurements, 
the values of K* and A. Recalculating E with the values of K* and A, 
and comparing these calculated values with the measured ones, the 
results of the following tables were obtained. 

■ Idem., Prot<^lasma. 19^, 35i 548. 

• Jenny and Overstreet, Pi^c. Nat. Acad, Sci., 1938, 34, 384. 

^® Tendttloo, Vervelde and Zwart Yooiapnij, Rec. trav. chim., I944i 63, 97 ; 
Vtrsl. NeA. Ahad. Wei., 1944, 53, 169. 
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Table I gives the results for TtiHcuat vulgare as found by Lundegftrdh 
n'lieie c* was assumed to be io~®, the bydrogen-ion concentration of carbon 
dioxide containing solutions of neutral electrolytes. From the measme- 
ments one calculates A = 0*09 and JC' = 400. 

In Table II the results on Solanum tuberosum, obtained in this laboratory, 
have been summarised ; here, for Cj = io~*, one calculates A = 0-04 
and *= 12000. The es^perimental method has been described else- 
where and may be omitted here.^® 


TABLE I. 


Cl- 

> 10®. 

to-i. 

to-*. 

ta-». 

xcr*. 

to-*. 

Fexp. 


+267 

4-222 

■f 180 

+ 13* 

4-115 

Fq« 1 . 

-f-282 

1 

+*71 

1 

-1-227 

4-175 

4-135 

-l-lio 


Mattson has already pro\'ed that the ion exchange of soils and 
sponges shows all the chara^eristics which are to be expected from the 
theory of the Donnan equilibrium. As a result, it may be possible to 
characterise soils, cla>^ and other ion-exchanging substances, as well as 
plants, by the tu'o constants appearing in Ihe extended theory of the 
Donnan equihbrium as mention^ above. The same considerations may 
be of interest in farther mvestigations on surface potentials, and perhaps 
on the electrophoresis of proteins and other colloids. Thus, the curves 
of surface potentials of Dervichian and the curves of the electrophoresis 
of proteins “ show similarities with those obtained with the tiheory 
mentioned here. 


TABLE 11 . 


e. 

> lO®. 

10*. 

lo-i. 

Iff-*. 

tor®. 

io-«. 

xcr*. 

£»p. 


-1-265 

-f263 

-1-240 

-1-202 

4-169 

+161 

•^nl. 

4-265 

-1-265 

+261 

-l -*37 

-1-198 

-1-166 

-I-143 


Summary. 

The potential of ion-exchanging substances has been discussed. It 
is shovm that, depending on its composition, a glass can function nearly 
exdusively as an electrode for hydr^en-ions or for other ions as well, 
if it contains A 1 , 0 ,. A " dissociation constant " of the glass can be cal- 
culated ; this appeared to be greats for an Al|Ot-containing glass than 
for Coming gla^ 015. A theory, based on ion-exchange and adsorption, 
is developed for the potential of a glass electrode, and is in accordance 
with experimental results. 

^e potential of plant roots is described by an extension of the Donnan 
equilibrium theory. Assuming the non-diffusible anions here to belong 
to a weak acid a theory is given which fo in accoid with the experimental 
results, and which allows a calculation of the dissociation constant of 
the amd. It may be possible to characterise different plants by (a) the 
diss oci ation constant and (2>) the concentration of the weak add in the 
root. The theory may also be applicable to other phenomena. 

^ cf . «. 

Mattson, Ann. Agr. CoU. Sweden, 1942, 10, 56 ; Mattson and Larsson, 
ibid., 1944-43, 13 , 2X. 

*• Dcarvicliian, J. Chem. Physics, 1939, 7, 931. 

“ Abramson, Moyer and Gorin, Electrophoresis of Proteins (New York, 1942.) 
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GENERAL DISCUSSION 

R68um6. 

On discute ici le potentiel de corps ^changeurs d’ions. Selon sa 
composition, un verre peut fonctionner presqu’exclusivement comme 
une dlectrode pour ions H" ou, s’il contient Al|Oj par exemple, aussi 
pour d'autres ions. Di56rents verres peuvent fitie caract^iis^ par leur 
“ constantes de dissociation " et une thtorie qui s’accorde avec lesr^sultats 
exp^rimentaux est d^velopp^e. 

Le potentiel des racines des plantes est expliqu^ par la th^rie — 
6tendue — de I'^quilibre de Donnan, dans laquelle les anions non diffusables 
proWennent d'acides faibles dont on peut calculer la constante de dis- 
sociation. Celle-ci, en m&me temps que la concentration de I’acide 
dans la racine, est caract^ristique de la plante. La th^orie g&i6rale peut 
6tre appliqu4e & d’autres phdnom^nes. 

Zuaammenf assting . 

Der Artikel erbitert das Potential von ionenaustauschenden Sub- 
stanzen. Je nach seiner Zusammensetzung kann sich ein Glas entweder 
fast auss<^esslicb als Wasserstoffionenelektrode oder, wenn es z.B. 
AljO, enthSlt, auch als Elektrode fiir andere lonen verhalten. Ver- 
schiedene Glkser kbnnen durch ihre “ Dissoziationskonstanten " charak- 
terisiert werden. Es \vird eine Theorie entvvickelt, mit deren Hilfe die 
Versucbsresultate erkELrt werden. 

Das Potential von Pflanzenwurzeln kann durch eine Erweiterung 
der Donnan-Gleichgewichtstheorie erklSrt werden, wobei die nicht- 
difiundierenden Anionen von einer schwachen SSLure abstammen, deren 
Dissoziationskonstante berechenbar ist. Dieser Wert in Verbindung 
mit der S&urekonzentration in der Wurzel ist fflr die Pflanze charakter- 
istisclu Die allgemeine Theorie ist mbglicherweise auch auf andere 
Erscheinungen anwendbar. 

Laboratory of Physical and Colloid Chemistry, 

Agricultural College, 

Wageningen, 

Holland, 


(a) GENERAL DISCUSSION* 

Dr. R. L. Tichenor {West Orange, New Jersey) {partly communicated) : 
The Tnfl.TriTniTm found in the voltage-charge curves of Hickling and Taylor 
(Plate 1 , B and C, curves 2 ) and the subsequent decrease in voltage do not 
seem to be explained entirdy by the authors' assumption of the formation 
of an unstable, higher oxide undergoing rapid decomposition. This 
single assumption requires a curve which rises asymptotically to the 
potential corresponding to the steady-state concentration of the unstable 
oxide and thus does not account for the observed maximum. 

A possible explanation of this phenomenon may be found in the 
following picture of the charging mechanism. During anodic oxidation, 
the silver surface is first covert uniformly with Ag|0 to a depth of about 
three molecules. The formation of trivalent silver then begins accom- 
panied by a rise in potential and an increase in the oxygen content of the 
oxide layer. This increase in oxygen content might be expected to lead 
to an increased volume of the film but, since it is attached to the silver 
substrate, the first result is the creation of compressive forces which soon 
are strong enough to cause the surface layer to crack or crumple ; it is 
at this point that the potential reaches its highest value and begins to 
dedine. From here on various portions of &e surface undergo these 

* On eight preceding papers. 
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processes at different times ; at any one mome n t some parts are freshly 
uncovered metal while other regions contain various concentrations of 
trivalent silver under different compressive forces. 

This mechanism can account for the observed temperature and time 
effects of Plate I B and C if it is assumed that increased temperatmre aids 
the crumpling of the oxide layer and that the probability of crumpling 
incieases ^vith the time the comprised layer has existed. 

Dr. A. Hlcklin^ {Liverpool) said : With reference to Tichenor’s com- 
ment on the oscillograms for silver, I think his sngument is quite soimd 
I am indebted to Vtim for drawing our attention to this point which 
we had not previously considered in detail. The probable explanation is, 
I think, that the decomposition of the unstable ^ver peroxide is auto- 
catalvtic which would, of course, account for the peak in the oscillograms. 

Dr. M. Haisslnsky {Paris) said : The potentials measured by the authors 
for the Ag — AgjO electrode in the 3 solutions of different P's., \’iz., NaOH 
(pn about 14 ; potential, 0*40 v.), Na,COj (^h i 2*; 0-52 v.) and NaaB407 
ipH 9'2 ; 0-67 V.) are in good agreement with the theoretical equation : 

E = Eo -r 0-058 log (OH-) 
c'^irresponding to the reaction: 

zAg — 2OH- = Ag^O ■+ H^O -r ze. 

It i.s easy to see that the same dependance of pH (with, of course, 
another £0) must hold for the higher silver oxide whatever its composition 
may be, pro\*ided it is insoluble. It would be interesting to verify this 
experimentally. Kolthoft found, ^ indeed, a verj' important de\'iation 
from the thcrmodjTiamic equation in the case of lead dioxide and I found 
a similar result for the nickel peroxide.* In both the cases it is difficult 
to find a simple mechanism to explain these observations. 

Dr. H. Wilman {London) said : The abnormality of a maximum of 
overpotential in Plates iB and iC of the paper by Dr. Hickling and Dr. 
Taylor has been referred to by Dr. Tichenor. In this case again the step- 
wise rise in the overvoltage suggests a compound formation, which may 
be AgjOs at the higher potential stage. Some observations I made, 
during the early part of the war, on oxidation of silver by various methods 
in connection with photoelectric cells, may give a possible explanation 
of the decomposition stage which Dr. Hickling associates with the final 
decline in potential. I found that some samples of AggO„ w'hich I had 
freshly prepared and examined by electron mffraction on thin collodion 
films, did give complicated patterns of spotty rings obviously not due to 
Ag or AggO, but the crystal structure was not determined. Several samples, 
however, appeared to have decomposed, giving patterns entirely due to 
normal silver, but showing that the silver crjrstaJs were in the form of 
large, but extremely thin, flake-like layers parcel to the octahedral (iii) 
planes, which were also parallel to the collodion substrate. If the oxida- 
tion of Ag to AgjO, is a reversible reaction, as Dr. Hickling suggests, it 
may be that when the concentration of AggO, h>m reached a high enough 
^'alue the decomposition part of the reaction may lead to formation of 
Ag crystals in this form, so that the smooth exposed (in) faces of these, 
containing the closest possible packing of Ag atoms, would be relatively 
more difficult to reoxidise as I have already described, and hence the 
reaction would set in more and more toward a decomposition, irith a 
correi^nding faU in the potential. 

Dr. T. P. Hoar {Cambridge) {communicated) : The behaviour of iron 
anodes in alkaline chloride solutions is of great interest. I believe that 
the " activating ” influence of chloride ions may be best explained, not 
by a selective adsorption of Cl“ as postulated by Kabanov, nor by the 
conception of a high " penetrating power " of Cl“ for oxide films as argued 

* Quoted by K o lthoff and Furman, Potentiometric titrations (Hew York, 1931), 

* Haissinsky and Quesney, Compt. rend., 1947, 334 > ^31- 
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by Britton sind Evans,* but by a consideration of the influence of a non- 
depositing ion such as Cl- on the ps. of the electrolyte next to the anode. 

When only OH- ions are present, solid Fe(OH)a is produced, repairing 
the passivating film on the anode ; the electrolyte at the anode is con- 
stantly repleni^ed by migrating OH", and can never become acid. But 
when Cl- ions are also present, part of the current is carried by them, and 
since the anodic product in alkaline chloride solution is still Fe(OH),, 
the concentration of Cl“ at the anode rises rapidly, while that of OH- 
faUs. Even when the OH“ concentration at the anode has fallen to verj* 
low values corresponding to pn values below 7, solid Fe{OH)j is stiU 
formed, owing to the smallness of the ionic product {Fe'''+)(OH-)* ; but 
eventually the anolyte becomes so acid that substantial concentrations of 
dissolved ferrous iron can exist in it, and at this point “ breakdown ” of 
the oxide film, due to undermining by the conversion of solid metal to 
liquid products, occurs. Subsequent precipitation of Fe++ by the OH- 
in the bulk of the solution results in non-adherent, non-passivating 
material. 

The above mechanism accounts for the initial rise in potential at an 
iron anode in alkaline chloride solution (film repair by solid Fe(OH)t) 
followed by a fall (film undermining due to formation of soluble producte), 
as illustrated in Fig. 6 of Kabanov's paper. Analogous effects have been 
found at tin anodes,* and on naturally corroding tin *• * and iron,** * where 
the oxide film pro\'ides a local cathode for its anodic pores. The mechan- 

TABLE III. 


Cone. KCl 

2 V IO~^ 

lO-l 

lo-s 

10-* 

10-* 

10-* 

Number of 
observations 

5 

30 

30 

30 

30 

30 

Mean value E 

+ i6-o 

+ I3'47 

-7.87 

-^9*37 

-44*27 

-51*43 

V calculated 

“ 


0*356 

0*151 

0*0832 

0*0627 


ism also gi^-es a clear picture of why the rate of the anodic reaction of iron 
in alkaline chloride solutions is the same as that in acid solutions at the 
same potential, as shown by them ; for the dectrolyta next to the iron 
anode rapidly becomes acid, and is maintained so owing to the transport 
of Cl- to the anode and to the small ionic product of Fe(OH)j. I entirely 
agree with these authors that " the Cl“ ion allov^ Fe++ to be formed, but 
does not participate in the process itself ” and that " Cl- ion . . . hinders 
the passivation of iron but I think that the above explanation in terms 
of transport and solubility gives a better picture of -^e situation than 
the Cl“ adsorption hypothesis. Further support for the mechanism is 
given by experiments on the influence of the CIO4- ion on film breakdown, 
shortly to be published ; I find that CIO4- is as potent as C1-, as would 
be expected on the transport-solubility theory, but not on an adsorption 
theory, since CIO4" is particularly non-deformable and would not be 
expected to be readily adsorbed. 

In solutions initially containing a very high OH-/C1- ratio, of course, 
film repair by Fe(OH)i becomes complete before OH- is exhausted at the 
points where iron is reacting, and no breakdown can ever occur. 

Prof. H. J. G. Tendeloo (Wageningen) said : In addition to the results 
described in the paper, further results on Sinapis alba, might be men- 
tioned ; these are tabulated in Table III. 

* Britton and Evans, J. Cham. Sac., 1930, 1780. 

* Bnmiert, Tech. Pub, Int. Tin Res. Dev. Council, No. 2, 1935- 

* H(»r, Trans. Faraday Soc., X937, 33 r 1152. 

* Lochbe and Patfl. Trans. Elekrochem. Soc., 1933. 64, 23. 

* Hoar (unpulfiisbedwork). 
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A’r, + J 


which can easily be derived from (22), there must be a linear relationship 
between 


n 


(r* - + c.) 


and - V. 


K', Ci, and A being constant. 

Whether this relationship is correct depends on the value of c,, the 
hydrogen ion concentration in the immediate surrounding of the root, 
■which cannot be determined. Calculating for diherent values of c, the 
linear relationship is best obtained for 


Ct = 3*2 X 10-* 

as can be seen from the Fig. i. 


.vxto-' 



Using (23) and calculating the values of K' and A, one gets 

A'Cj = 0754 c, = 3-2 X 10-* 

A = 2*36 X io» A = 0-0653. 

Using these \'alues in 

one gets 


TABLE IV 


Cone. KG fj 
E exp.. 

E calc. 


>10* 

2 X 10-^ 

lo-i 

10-* 

' 

I0-* 

10-* 

-fiS-0 

+ i6'0 

+ 15-8 

+ 12-47 

+ 13-7 

-7-87 

-5-7 

-29-37 

-32-6 

-44-27 

-47-7 


10-* 

- 51-43 

- 51-0 


in concii^on one may state again that a root can be characterised 
^^iS^ measurements have been done by W. H. v.d. 
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Dr. P. Gross {Slough) said : A model for the glass electrode very similar 
to the one presented here was proposed many years ago.® The essential 
difference was that a distribution, and not an adsorption, equilibrium 
between glass and solution was considered. This led to a formula for the 
deviations from the ideal hydrogen electrode,® which seems very similar 
to Dr. Tendeloo’s formula, and which represented the then best experi- 
mental data quite well. The two formulae ought to become identical at 
low sorption values. It would be of interest to know if this is really the 
case, and also if the two formulae can be distinguished experimentall}'. 

Prof. D. H. J. Tendeloo {Wagenifien) said : Mr. D, C. Henry said 
that he measured the pn of l^ntonite suspensions udth ordinary glass- 
dectrodes. The potential was not constant but showed a drift, which 
was not a consequence of the well-known suspension effect. After ha\'ing 
filtered off the suspended particles the drift v'as found again in the clear 
liquid. As there seems to be a small solubility of bentonite, the drift 
of the electrode potential may be in accordance with the results obtained 
with glass-electrodes containing ALO3, for any dissolved bentonite pro- 
duces aluminium silicates which will influence the surface of an ordinary* 
glass-electrode. I agree with Mr. Henry's explanation : research is now 
going on Avith other glass compositions, containing lesser amounts of AlsO, 
as mentioned before. 

The equation of Gross and Halpem, although showing great similarity', 
is not the same as eqn. (10 1 and (in of my paper. 

“ Gross and Halpem, Z. physik. Chem., 1925, 115, 54 , IM25, 118, 255. 

• Gross and Halpem, J. Chem. Physics, 1934, 3, 137. 


SOME INVESTIGATIONS ON THE OXYGEN— 
OVERPOTENTIAL IN MOLTEN SALTS. 

By H. Flood and T. F0rland. 

Received lotJi February, 1947. 

The overpotential at an electrode is defined as the potential difference 
between this electrode and a similar unpolarised electrode in the same 
solution. 

In an earlier investigation Karpatscheff and Patzug ^ measured the 
oxygen oveipotential at platinum in molten mixtures of KNOg, NaNO* 
and LiNO, at temperatures between i50°-25o’ c. They found the over- 
potential to be of an activated type. Agar and Bowden * examined the 
oxygen overpotential on platinum and nickel, in molten NaOH at 350° c. 
and found a typical concentration overpotential which depended on the 
mcrease in HgO concentration in the immediate vicinity of the electrode. 
With a small excess of NajO the overpotential was determined by the 
decrease of Na^O in the vdeinity of the electrode. 

The present investigations were carried out in order to study the 
possibiliiy of using the oxyrgen electrode in measurements of oxygen ion 
activities. The sy-stems investigated, therefore, contained ordinary buffers, 
of the type : 

Base = Acid + O — (PO4 — = PO*" ->- O ) 

(cp. H. Lux •> *). 

^ Karpatschefi and Patzug, Z. pl^sih. Chem., 1935, ^ 73 , 

> Agar and Bowden, Proc. Roy. Soc. A., 1939, 169, 206. 

® Lux. Z. anorg. tdigem. Chem., 1942, 31^, 159. 

* Lux, Z, Elefdrochem., 1939, 45, 303. 



H. FLOOD AND T. FORLAND 


303 


Experimental. 

The experimental method was in general the same eis that used by 
Agar and Bowden. The anode was a platinum sheet of z cm.* and a 
platinum wire placed near the anode served as reference electrode. Pnie, 
dry oxygen was continuously bubbled through the melt when the cell was 
in operation. The melt wras contained in a platinum crucible, which 
also served as cathode. The overpotential generally needed a long time 
to reach a constant 'V’alue, e.g. about 15 min. at 700° c. The measurements 
were not very reproducible, but the general character of a potential curve 
from a single run of observations was always the same. It is remarkable 
that in the phosphate and sulphate melts at high c.d.’s a sudden jump 
(of about 0*3 V.) in the potential could sometimes be observed. The 
results are given in Table I. It was not possible to hud any relation be- 
tiveen the overpotential and the acidity (cp. the variation of NpOi — /Npo,- in 
system V) of ^e melt. 


Discussion. 

The overpotential phenomena in pure Li-Na sulphate, and in sulphate, 
phosphate, silicate and carbonate solution in Li-Na fluoride showed a 



remarkably similar character. By plotting 17 = / (log I) W’e find that the 
curves of these systems have two different sections (I and II, cp. Fig. 1). 
In section I the slope has a value of the order RTf^F ; in the section II, 
on the contrary, the slope is about RTfF, 

By increatiug the temperature the transition interval between the 
tw sections is moved towuds higher current densiti^. In the two sec- 
tions there is a distinct difference in the temperature coefficient of the 
overpotential. By e xam i ni ng the overpotenl^ as a function of the 
temperature, a dependence as shown in Fig. i vras found. 

At low temperatures the slope is linear with a value d^/dT = 1*3 

mv./“c. This is the temperature coefficient corresponding to section II. 
On increasing the tempemt^ a change of direction of the curve is ob- 
^tved. The slope is again linear, but now with a lower value coirr^pond- 
ing to drjfdT = — 0-4 mv./®c. This corresponds to the temperature 
coefficient in the section I. 

Section I, which occurs at low c.d. and high temperature, shows a low 
temperature coefficient of the overpotential. It is therefore probably 
of the concentration overpotential ty^. 

In section II, which occurs at low temperature and high c.d., the 
value of the temperature-coefficient is distinctly higher. Here an activated 
^ectrode process is supposed to be rate-determining. In fluoride melts 
the overpotential decreases in the following order : 

SO*— > PO* — > CO,— > SiO* . 



TABLE I 
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In a melt of pure li-Na sulphate the overpotential at 700® c. is of the 
activated t3T>e down to low current densities. At 900“ c. both typM 
are found (cp. Fig. 2). A distinctly lower overpotential is found in 
solutions of sulphate in fluoride, the influence appearing to depend on an 
expansion of the non-activated section. 

The observed effects are in agreement with the assumption that the 
overpotential in the activated section is determined by reactions of the 
tvpe 

SO 4 — - 5 - SO, + O + 2« 

PO4 — PO,- + 0 + 28 

etc. The slope of the ij =* / (log /) curve would then be 

RT ^RT 
a2F F 

tw'here a = 0*5 and indicates that energy barrier is a S3nnmetrical one 
for the acti\-ated process!. 

The overpotential would 
then depend on the bond 
strength of the oxygen ion 
in the bond : X — O where 
X 5= S, P, C, Si which is in 
agreement with the observed 
o^er. The depressing effect 
in the overpotential of the 
fluoride can be explained in 
different ways, but the ex- 
perimental material is not yet 
sufficient for a discussion on 
the effect. 

In the systems, oxide — 

Li-Na^fluoride (IX) and pure 
Na-K carbonate (VII), the 
overpotential has a different 
character from that in the 
systems just described. At 
low c.d.'s there is a distinct 
linearity between overpoten- 
tial and current density. 

(There is, however, a slight 
tendency of the platinum to 
go in solution.) 

The characteristic feature of these systems is their high basicity (or 
O — activity). This perhaps indicate &e possible formation of surface 
oxides whicffi could gi\’e rise to the observed potential effect. 

In some cases the cathodic overpotent^ of the oxygen platinum 
electrode was also examined at low current densities. 

In the basic systems (IX), (X), (XI) the variation of the overpotential 
with the c.d. is linear (^e same type as the anodic overpotential). In 
system TV, however, the overpotential increases rapidly (f^RT/F), and 
the temperature coefficient is correspondingly high. 

The authors express their thanks te Det Videnskapelige Forskningsfond 
av 1919 and Nansenfondet for grants. 

Summary. 

The oxygen overpotentials in melts of Li — ^Na sulphate, and of sulphate, 
carbonate, phosphate, and silicate dissolved in Na — ^Li fluoride show 
some common characteristics. At low c.ds. and high temperatures, the 
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temperature coefficient of the overpotential is low (d^/dT = — 0*4 mv./*c. 

At 


RT 


as is also the \’ariation with the current density d^/d log 
high c.ds. and low temperature, the temperature coefficient 
(di//dr = — 1*5 mv./C“) 

and the variation with the current density ^drj/d log are dis- 

tinctly higher. The overpotential in this region, which seems to be of an 
activated nature, decreases in the order 

SO,-- > PO4 > CO,-“ > SiO* 

i.e. parallel with the bond 
strength of the X — O bond. 

In melts of Na carbonate 
and of alkali oxides dissolved 
in Na — Li fluoride, the over- 
potential at high temperature 
and low c.ds. show a linear 
variation with the c.d. (17 = 
const. I). 

R68um6. 

Dans le sulfate double de 
Li et Na fondu et dans le 
sulfate, le carbonate, le 
phosphate et le silicate 
avec le fluorure de Li-Na 
employ^ comme fondant, 
les survoltages d'oxygfene 
montrent quelques carac- 
t^res communs. A haute 
temperature et avec de 
faibles densites de couzant, 
le coeffidmit de temperature 
du survoltage est ffiible 
(di7/dr = — 0'4 mv./®c.), de 

mfime que la variation avec la densite de courant ^dij/d log / ' 

A basse temperature et avec de hautes densites de courant, le coefficient 

de temperature et la variation avec la densite de courant f di^/d log I -pr j 

sont sensiblement supeiieurs. Le survoltage, dans cette region qui 
semble activee, decroit dans Tordra 

SO4— > PO4 — > COj— > Si04 

c*est k dire paralieiiement k la force de la liaison X — O. 

Dans le carbonate de Na fondu et dans les oxydes alcalins dissous 
dans le fluorure de Li-Na fondu, le survoltage k haute temperature et 
•faibles densites de courant vaiie lineaiiement en fonction de la densite 
de courant (17 = const. J). 



Zusammenf assimg . 

Die SauerstoflQberspacmungen in Schmelzen von LiiSOi — ^NasSOi 
und von Ldsongen von Sulfat, Karbonat, Fhosphat und Silikat in N^ — 
LiF besitzen mebrere allgemeine Merkm^e. Bei niedrigen Stromdichten 




H. FLOOD AND T. FORLAND 307 

Tind Hohfln Temperaturen haben sowohl der Temperaturkoeffizient der 
'Oberspannung (dij/dT) als auch die VerSaderung der "Oberspatuiung nut 
der Stromdichte (dij/d log I) niedrige Werte. hOheren Stromdichten 
■and niedrigeren Temperaturen haben diese Derivarte der "Oberspannung 
hfihere Werte. In diesem Bereich scheint die Uberspannung eine Folge 
von Aktivierung zu sein und nimmt in der Reihenfolge 

SO 4— > PO4 > CO,— > SiO* 

ab, was auch die Reihenfolge der Bindungsfestigkeit der X — O — ^Bindungen 
ist. 

In T itei'nigRTi von Alkalioi^den in geschxnolzenem NaF — ^LiF bei 
hohen Temperaturen ist die tjberspannung bei geringen Stromdichten 
eine Uneeire Funktion der Stromdichte. 


ELECTRODE REACTIONS IN THE ALUMINIUM 
REDUCTION CELL. 

By T. G. Pearson and J. Waddington. 

Received igih March, 1947. 

The purpose of this contribution is to record and explain the char- 
acteristic features of the electrode reactions in the aluminium reduction 
cell when it is operating in the normal or " down " condition. 

Much of the experimental work and most of the theoretical arguments 
ha^'e already been published,^ but we justify the present paper by the 
new eWdence on the constitution of molten cryolite electrol5d:es and on 
the conductivity of electrolytes containing calcium fluoride, and by the 
work on the cause of carbon monoxide formation in the anode gases. 
It also seems desirable to draw together the scattered practical and 
theoretical work much of which has appeared in journals and in languages 
not easil}' accessible to English-speakteg workers. 

The cell consists essentially of a carbon anode, a molten aluminium 
cathode, and an electrohie of molten cryolite in which alumina is dis- 
solved. The overall reaction occurring in the cell consists in the reduction 
of alumina to aluminium and the oxidation of carbon to its monoxide 
and dioxide. 

\Mien there is sufficient alumina in the electrol3rte (commonly termed 
the “ flux ") and the c.d. is not too high, dlectrol3^s proceeds smoothly 
with the application of 4’5-6*ov. with the production of aluminium at 
the cathode and a mixture of carbon dioxide and monoxide at the anode. 
\Mien there is insufficient alumina in the electrolyte or if the c.d. is 
increased beyond a critical value depending on the composition of the 
electrolyte, the nature of the carbon of the anode, and the temperature, 
the apparent resistance of the cdUi rises rapidly and the composition of 
tim anode gases alters in that the ratio of carbon dioxide to monoxide 
diminish es and carbon tetrafluoride appears in considerable quantity. 
At the same time close inspection of the anode reveals a luminous dis- 
charge. The c^ is then said to have gone " up " and the applied 
maj' be as much as 30 v. before a steady “ up state *’ is reached. In 
certain circumstances a further increase in c.d. leads to a still higher 

* Fedotiev, Electtolysis in Metallurgy {1934) I Fedotiev, Electrometallurgy, 
and ed. (1934) • Drossbach, Z. Elektrochem., 1934, 4^1 ^5 > Guskov, Me/allurg., 
I 934 > 9 7S ! Terebesi, Helv. Chim. Acta, 1935, 18, 166 ; Cuthbertson and 
Waddington, Trans, Faraday Soc., 1936, 32, 745 ; Tveteovskii and Molchanov, 
J. A-pfi. Chem. {V.S.S.R.), 1937, *o,*ioii ; Baimakov, Batas h ev and Evlannikov, 
Trans. Leningrad Ind. Ittsl., 1939 (i), 24. 
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increase in resistance until a third more or less steady condition, knoum 
as the " super up state " is reached. The present discussion is confined 
to the behaviour of the cell in the normal or " down ’’ condition. 

The Electrolyte. 

The electrolyte consists of a solution of alumina in cryolite which may 
contain either deliberately or adventitiously calcium fluoride and more 
aluminium fluoride or sodium fluoride than is represented by the crymlite 
composition 3 NaF . AIF,. 

There is strong evidence that pure cryolite at its melting point is 
partially dissociate into aluminium and sodium fluorides (or their ions). 
The free energy increment for the reaction 

NaaAlF, ^ 3 NaF -r AIF, 
may be derived from the data in Table I. 

TABLE I. — ^Thermal CoxsTAirrs of Soniuii Fluoride, Alumixium Fluoride 

AND Cryolite. 



AlOlDifiiUlA 

FbiondD. 

Sodium 

Fluoridfi. 

Cryolite. 

Transition temp. ®k. . . . 



838 

AH Transition, cal. inole.~^ 

— 

— 

1,400 

Melting point, ®K. .... 

1.533 ® 

1,263 * 

1,280 * 

AH Fusion, cal. mole."^ . 

21.750 “ 

7,000 * 

15.500 • 

Entropy AS„„ cal. mole.”^ deg.-^ . 

i 6*5 * 

13-4 ’ 

56*7 ^ 

AH Formation, cal. inole.~‘ 

331.500 • 

136,600 • 

761,650 » 

C, Liquid, cal. moIe.“* deg.“‘ . 

32 • 

16* 

80 » 


Specific Heat Equations. 

Aluminium fluoride : '• C, — i8’578 + 560*0* X io“*r — 179*01 x io*r~*. 
Sodium fluoride “ : C, = 12*098 + 189*13 x io-*r •— 195*01 x lo’T-* 

CryoUte : 

Below 838® K, : ^ 42*133 + 4255*9 X io“*r — 473*50 x io»r-». 

Above 838® K. : 85*538 + 14316*1 x io-*r — 16514 x io*r~*. 

We find that for the molten flux, AFr = —33,353 + 9*0893 T, from 
which we may compute that cryolite is about 15 o^ dissociated at 1000® c., 
the dissociation incteasii^ with rising temperature. 

From data of Roth and Bertram, Z. Elektrochem., 1929, 35 , 105. 

* Estimated. 

* Mean of various puUMied values. 

* Mean of determinations by Mashovets, J. Appl. Chem. U.S.S.R., 1936, 
9, 789, and Lundina, quoted by Masho^*ets, The Electrometallurgy of Ahtmintitm 
(Russian), 1938. 

* Kelley. U.S. Bur. Mi?tes Bull., 1936, No. 393. 

'Mean of various values from published studies of binary melting point 
composition curves. 

’From residual ray data, Land6U-B5mstein, PhysikaHsch-Chemische Tabelleu, 
3rd Supp., 1936. 3, 758, and estimation. 

* Giuftiin, HandJbuch der Anorganischen Chemie, Aluminium, B, System No. 35, 
p. 369. 

* 'Wartenberg, Z. anorg. Chem., 1926, 338, 151. 

From data of Lyaschen]to, MetaOurg., 1935, 85, quoted, by Mashovets, 

The EUctroriMtailur^ ^ Alwmniwn. 

u From data at Kmcetnekov and Krestovnikov, Leghie Metallurg., 1934. 4, 
29, and LyaschenlEO, MetaEurg., 1935, 11, 85, quoted by Mashovets, loc. cit. 

^ From data of Roth and Bertiam, Z. Elektrochem., 1929, 35 , : Karet- 

nekov and Krestovnikov, loc. cii. ; and L3^schenko, loc. cit. ; see Mashovets, 
loc. cit. 
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Confinnation of the order of the dissodation is found in tte results of 
density determinations on molten mixtures of sodium and aiummium 

fluondes shown in Fig. i. , , -x. 

The cur\’es each show a maximnm value for the density 01 a meit 
on the NaF-rich side of the cryolite composition, the h^p being flatter, 
and more displaced towards the NaF-rich side at the higher temperature. 
These phenomena accord with the assumption that molten cryohte is 
sodated and that the dissociation increases with rising temperature, out 
quantitative interpretation of the results can only be very appro ximate. 
Assuming the additivity of molar volumes, and deriving by exUapolanon 
values for the densities of aluminium fluoride and undissodated ctyohre, 
we may construct density-compositioii curves tlmt satisfactorily fit he 
obser\'ed values by agflwmfng that oyolite is about 20 % dissoaated at 



Fig. I. — ^Density of molten NiaF-AlF, fluxes at 1000“ and 1100" c. 

O British Aluminium Co. 

0 Z. F. Lundina, cited by Mashovets. Electrometallurgy of Alttminium. 

O G. A. Abramov and P. A. Kozunov, Trans. Leningrad Ind. Inst., r939. i, 60. 

1000°, and about 30 % dissociated at izoo°. The theoretical curves are 
the full hnes in Fig. r. 

When a layer of molten aluminium is held under a layer of molten 
cryolite, the alumiuiiun picks up sodium to a definite equilibrium amount 
which is small or large according as the flux contains more or less aluminium 
fluoride than is represented by the cryolite composition, and according as 
the temperature is low or high. The data are shown graphically in Fig. 2. 

These data also conform to the assumption that molten cryolite is 
dissociated to its constituent salts or their ions. Thus, the free energy 
increment for the reaction 

AIF, + 3Na^3NaF + A1 
is found to be given by ; 

AFr ==— 72,792 — 0*5 . 2-303 . riog r + 8-422r, 
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leading to a value for the equilibrium constant of 2-8 x lo^^ at 1273® k. 
Since the sodium content of the aluminium in equilibrium with the flux 

is known to be small, 
we may assume very 
approximately that the 
molar fractions of 
sodium fluoride, alu- 
minium fluoride and 
cryolite in the flux 
in the presence of alu- 
minium are similar to 
those in the absence of 
aluminium, and we 
may substitute such 
molar fractions, which 
are readily computed 
for various arbitrary 
degrees of dissociation 
of cr\’olite, in the 
equilibrium equation to 
csdculate the sodium 
content of the alu- 
minium in equilibrium 
■with the flux. The 
curves derived in this 
way assuming that 
pure cryolite is (a) 



Fig. 2. — Sodium content of aluminium in contact 
•with NaF— AIF, fluxes at 1000® c. 

(a) Cryolite, 20 % diss. (6) Cryolite, 35 % diss. 

(c) Cryolite, 50 % diss. 


20 


-0. (&) 
0 ' 


35 


and 


(^) 5 ^ % dissociated are 


shown in Fig. 2. They 
show the correct trend 
for the effect of flux composition on the sodium content of the aluminiuin ; 
quantitati've agreement is scarcely to be expected in \’iew of the errors in 
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Fig. 3. — Conductivity of NaF— AIF^ flu xe s at zooo® c. 


the ftv pwiTTigntftl data nnd the approximate nature of the theoretical 
treatment. 
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It would thus seem reasonable to consider a molten cryolite as a 
mixture of cryolite, sodium fluoride, and alummium fluoride or of their ions. 


Conduction In the Electrolyte. 

The electrical conducti\'ities of molten fluxes of the type used ^ the 
reduction cell have been measured by a number of workers.^* where 
comparable measurements have been made, the absolute values of coi> 
ductivity are in very poor agreement, differing in some cases by as much 
as 50 %, due no doubt to the inherent difficulty in measuring the con- 
ductivities of corrosive, decomposible, oxidisable fluxes near 1000“ c., 
difficulties that we can confirm from experiments made in these laboratories. 
On the other hand, the trends of the effect of the various constituOTts on 
the conductivity of cryolite are surprisingly consistent, so that it will 
be sufficient to record for each constituent only one set of values, which 



Fig. 4. — Conductivity of cryolite- 
AlgO, fluxes at 1000° c. 


will be those most recently determined for want of a better criterion of 
reliability. 

The ^ta are shown in Fig. 3, 4 and 5, their origin being as follows : 
specific conductivity of NaF — ^AlFs and cryolite — ^Al^Ot fluxes ; density 
of ayolite— AljO, fluxes ; “ the conductivity and density of cryolite— CaF, 
and the density of NaF— AIF, fluxes were measured in these laboratories. 

It may be seen that the extrapolated value of the molar conductivity 
of alumiiia is zero, and of calcium fluoride is very s m al l in comparison 
with the conducti'vity of cryolite and sodium fluoride. In ^'iew of the 
low conductivity of calkin m fluoride, it would seem that little current is 

“Richards, Electrochem. Ind., rgos i, 158; Allmand, Fundanientals of 
Applied Electrochemist^ (i934). P- I Pascal and Jouniaux, Bull. Soc. Chtm.^ 
1913. 13f 439 : Amdt and Kal^, Z. Elekirochem., 1924, 30, 12 ; Cuthbertson and 
'Waddin^n, Trans. Faraday Soc., 1936, 3a, 745 ; Ptmnavano and D’Agostino. 
Atti. Acad. Lincei. 193a. 185 ; Batashev, Leghie MtftaVy, 1936, 10, 48. 

“Batashev, Iw. cii., cit^ by Mashovets, The ElectromeUMurg^ of Aluminium. 

“Lnndina, Trans. All-Union Aluminium and Mi^nasium Institute, 1936, 13, 5; 
and Abramov, Legkie UeUdlurg, 1936, ii» 27, cited by Mashovets. 
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carded by the fluoride ion. Since also the equivalent conductivity of 
cryolite, 107 mhos, is little greater than that of sodium fluoride, 86 mhos, 
it is reasonable to assume that most of the current in the cryolite fluxes 
used in the aluminium reduction cell, the composition of \\'hi(^ in respect 
of NaF and ALF, departs but little from that of cryolite, is carried by 
the sodium ion, a view consistent with the considerable migration of sodiittn 
to the cathode during the electrolysis of cryolite (see below). 

The rdatively high conductivity of aluminium fluoride indicated by 
extrapolation of the cryolite-AlF, conductivity-composition curve is 
surprising in comparison with the negligible conductivities of the other 
halides of aluminium. 

Baymakov, Batashev and Evlannikov “ electrolysed cryolite-alumina 
melts in a graphite cell, which acted as one electrode, fitted with a sintered 
alumina pot as a diaphragm and containing the other electrode. Using 
a magnetite rod as &e anode, and an ele^ol3rte of cryolite saturated 
with alumina at a temperature of 580-990“ c., the following typical data 
were obtained in an experiment. 


TABLE III. — Transport Experiments in Crvolits Fluxes. 


DuntioD of 
Blocttolyaia. 
Hr. 

Current j 

Analysis of Anolyte. 

Rational Ctmpodtlinr of AaeiyXn. 

Amp. hr | 

Na% 1 

j 

Al% 


Xa»AlF,»i! 

1 

1 NaF% t A 1 F,% 

1 

AlaOi'ji 

0 

2 

0 1 

6 

28-8 

25*2 

18-2 

19-8 

46*2 

50 

Si *6 
76-7 

1 

3'9 1 — 

— 1 12*3 

14-5 

II -4 


In other experiments in which a chromium rod was used as the cathode, 
the change in composition of the electrolyte was as follows : 


TABLE rv. — ^Transport Experiments in Crvoltie Fluxes. 


Hi 

Corrent 

I^tsaed. 

Amp.hr. 

Analyaia of Catholyte. 

1 Rational Ccnapoattion of Catholyte. 

Na% 

Al% 

F% 

NaO% 

Na,AlF,% 

KaF% 

Al|p.% 

0 

2 

0 

4 

28-8 

39*8 

XS’2 

H’6 

46*2 

42*1 

B 

8l>6 

368 

3*9 

48*8 

14*5 

12-9 


From a large number of similar experiments, and of supplementary 
experiments in which the catholyte was kept separate from ^e anolyte 
in a specially constructed cell with only a narrow communicating channel 
between the compartments, the following general conclnsions were drawn. 
The cathode space is noticeably enriched in sodium and impoverished in 
aluminium, whilst the fluorine content remains unchanged or decreases 
^ghtly. If the change in the catholyte composition is expressed ration- 
ally the results show generally an excess of sodium fluoride in the catholyte, 
which may amount to as much as 50 %. In the majority' of the experi- 
ments the alumina content was lower than in the origioal electrolyte, 
and approximately equal to or slightly lower than that in the anolyte. 
The ca^ol3rtes showed a distinct alkalinity which varied between o-i % 
and 3-9 %. 

The anode space is appreciably impoverished in sodium and enriched 
in aluTUinium whfle remaining unchanged or only slightly enriched in 
respect of flnoxme. From the point of view of rational composition the 

" Trans. Leningrad lad. Inst., 1939, i« 34. 
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anolj-tes contained an excess of aluminium fluoride which in certain cases 
amounted to as much as 23 %. In general sodium fluoride was much less 
than in the catholyte or the original electrolyte. In the majority of 
experiments the aluminium oxide content of the anol3^e was greater than 
that of the catholyte and less than or equal to the aluminium oxide 
content of the original electrolyte. As a rule all the anolytes were neutral 
to indicators. 

These results, together with those from the conductivity measurements, 
are consistent with the view that the sodium ion takes a predominant 
part in transporting the current across the electrol3rte, and that the 
AIF,"' ion is also present and moi’es towards the an^e. Alumina and 
calcium fluoride play a negligible jMurt in transporting the current. 

The Cathode Reaction. 

Considerable light was thrown on the processes occurring at the cathode 
by Belj'aev’s measurements of the decomposition voltages of various 
ciyulite fluxes. He raeastired the decomposition potentials of Na^AlFj, 
KrAlFj, and LisAlFj, in the presence and absence of alumina by the 
current-potential cuiv’e method using platinum electrodes and a par- 
titioned graphite cell. The results obtained are given in Table V. 


TABLE V. — Decomposition Voltages of Cryolite Fluxes. 


Electrolyta. | 

Deoompoiitloii Voltage. 

BlectrolTte. 

Deoompod* 
tionVoltaae 
at Z080* C. 

At 930* C. 

At lofio* C. 

+ 15 % AljO, . 

2<22 

— 

Na-AIF, 

2*07 

KjAlF, + 15 % A 1 , 0 , 

2*20 


KjAIF, 

2*13 

LiaAlF, + 7 % AI, 0 , 

2*20 


LijAlFe 

2*30 


Th^ figures agree reasonably with the determinations of Cuthbertscm 
and Wad^gton.M -svho obtained 2*23 v. and 2-20 v. respectively, for the 
decomposition voltages of cryolite and cryolite containing about 15 % 
^nmina. It will be seen from the table that the decomposition potential 
of cryohte-alumina melts has a constant value of about 2-2 v. at 950“ c. 
wd 2*01 V. at 1080° c., independent of the cation. The cathodic process 
is therefore probably the same in all cases, and consists in the discharge 
of ^nmim’um ions, which may be produced either by the dissociation of 
+A 10 a"') or by the dissociation of AIF, (possibly 
Al— and AIF/ '). The data on the decomposition potential of the 
cryohtes in the absence of alninina allow us to discriminate between 
^tematives, for %me aluminium fluoride is present in even a pure cryolite 
flux, and <me imght expect, therefore, to obtain the same value for the 
dewmpoation voltage as in the presence of alumina, or at the least a 
value mdependent of the alkali metal in the cryolite. Such is not the 
case, howwer, for the decomposition potential differs for the different 
c^^Iites, the primary cathodic process evidently consisting in the discharge 
of the alkali metal ion. ® 

Thus, the difference in decomposition potential of the different cryolites 
iwvid^ ground for the assumption that the aluminium ions, the discharge 
of wmch constitutes the cathodic process in normal electrolysis of cryolite 
alu^a melts, are the result of the dissociation of A 1 , 0 ,. Under certain 
coupons. M for example, in an unstirred melt, the accumulation of a 
nigh ^centotion of sodium ions near the cathode may favour the primarv 
evolution of this element, so that the possibility of a preferential ^ary 

” rsfrf. 1938, 7. 87 . la Trafu. Faraday, Soc.. 1936. 3a, 745 . 
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deposition of sodium, or of a simultaneous primarj’ deposition of aluminium 
and sodium in amounts proportional to their activities and decomposition 
potentials is not exdud^. 

The Anode Reaction. 

Belyaev's exp^ments do not enable us to determine the nature of 
the primary anodic process, but the fact that oxygen is the species de- 
posited is consistent with the view expressed by him, and earlier by 
Fedotiev, that the current transported to the anode proceeds by u'ay of 
the AIF,'" ion, but that the ion primarily discharged is AlOj'". The 
analogy with tiie electrolysis of acids and bases in aqueous solution is 
thus close, the slightly ionised alumina corresponding with water, thus 

AljOa Al— -f 
2 AlO, = A 1 , 0 , -t- 140, 4 - 68. 

The subsequent fate of the oxygen is of considerable importance in the 
practical operation of the cell. 

During the normal working of the cell the anode gases consist of 70-90 % 
CO, and 10-30 % CO, and for a givmi cell in good condition the proportion 
of the two gases remains constant within 2-3 %. At the “ up ” the pro- 
portion of CO, rapidly falls to 20-40 %, the CO rises to 40-60 %, and 
volatile fluorine compounds consisting largely of CF, form 15-30 Oq of 
the gas. 

It seems likely' that in the down condition ox^'gen must be deposited 
at the anode wth 100 current efficiency for ^ere are no indications 
of appreciable quantities of an^^ other anodic products but CO, and CO 
dutmg normal running. In an endeavour to confirm this mechanism, 
experiments were carried out in which 2 in. cubes of well-baked dense 
carbon or graphite were used as anodes in a cell consisting of a graphite 
crucible containing a molten flux of 80 % cryolite, 15 ®o calcium fluoride 
and 5 % aluminium fluoride to which sufficient alumina was added to 
prevent the anode going " up *' at any time. Precautions were taken 
to prevent the air oxidation of the upper surface of the cubes by painting 
them with phosphoric acid and protecting farther with a layer of ralidified 
flux. 

In some 36 experiments the loss in weight of carbon was found to be 
approximately equal to the theoretical amount necessary for 100 % CO, 
pr^uction at the anode at zoo % anode current deficiency, the average 
values lying between loi and 105 %. In ^^ew of the probable occurrence 
of slight aerial oxidation and of d^integration of the anode material by 
the flux, these results cannot be said to differ significantly from 100 %. 
If, however, the 25-30 % of CO usually found in the anode gases had 
arisen as a primary product, the loss in carbon vrould have biren 15 
greater. It is therefore likely that the primarj’ gaseous product at the 
anode is CO,. 

An independent line of reasoziing leads to a similar conclusion. A 
nuxture of CO, and CO deposited at tiie anode would tend to be in equili- 
brium with carbon and with oxygen according to the equilibria : 

C -f- CO, 3CO . . . . (I) 

2CO O, ^ 2CO, (2) 

The mixture cannot be in equilibiium with both at the same time unless 
the oxygen pressure is exceedingly small (less than io~^‘ atmos.}. The 
composition of the mixtuie would th«cefore depend upon the vdocities 
of the reactions. The oxidation of CO is almost instantaneous at about 
xooo** c., whereas the reduction of CO„ e%'en on 5 mm. coke partides, 
proceeds with a measurable velocity given approximately by the relation- 
ship “ 

o-ott = log (i/i — x) 

B«f. Mines Bull., xgxi, No. 7, 22. 
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where t is the time of contact and is the fraction of CO pr^uced tom 
■Dure CO, at time /. Thus even for a contact time of i sec. the resuMang 
would contain only 2i % CO. Thus the oxidation of CO would be 

expected to be the dominant factor. . 

As the free energy required to deposit the oxygen mcreases with the 
oxygen pressure the decomposition voltage \^1 also increase. Ine 
theoretical decomposition voltage for the aluminium cell is 2-15 y* ^ 
q8o= c. if oxygen at atmospheric pressure is the primary product at ^ 
anode. The oxygen pressure is, however, considerably below atrw- 
spheric, being reduced by the above reactions. The anode is th^® 
polarised and the decomposition voltage reduced. It may be shown 

that : ^ 

, , O'OoaT, I 
depolarisation (in volts) log 


\\here T is the absolute temperature and pO^ the oxygen pressure, tom 
■\\-hich the CO*. CO ratio in the gas phase in equilibrium with the oxygen 
mav be calculated using : 


ptO “ 

where K is the equilibrium constant of reaction (2) given by 


The following results have been obtained for a temperature of 980® c. 
using Drossbach’s equations : 


Oacompositlaa 
Voltage (V.). 

Depolariaatloa 

(T.). 

Logi»0, 

%o. 

%co. 

%co 

2*I5 

0 

0 

100 

0 


1*95 

0*2 

— 3*19 

0-07 

99*93 

— 

1*75 

0*4 

— 6-38 


lOO-O 

— 

1-55 

0*6 

— 9-58 


99*6 

0-4 

1*35 

0-8 

— 12-75 


86*0 

14*0 

1*20 

0-95 

1 

-15*15 

HU 

29-0 

71-0 


As pointed out above the reduction of CO, is probably comparatively 
slow, so that equilibrium will only be approached when the rate of pro- 
duction of CO, is low, i.e. when the c.d. is small. As the c.d. is incietUed 
the CO, pressure and consequently the oxygen pressure ■will gradually 
build up and since the decomposition voltage is dependent upon the 
oxj’gen pressure this will also increase with increasing c.d. Accordii^ 
to the above table, appreciable quantities of CO ■will only be present in 
the anode gases if c.d. is such that the decomposition voltage is below 
about x*55 v. Actual measurements of the decomposition ■voltage of a 
reduction furnace indicate this to be about I’j v. which would therefore 
indicate that practically loo % CO, ■was the initial product. A lower 
decomposition voltage, a greater depolarisation and ■&e presence of an 
appreciable percentage of CO in the anode gases could only be obtained 
by decreasing ■to a considerable extent the anode c.d. 

Drossbach in his laboratory experimrats found that the decomposition 
voltage and the CO, content of the anode gases increased as the anode 
c.d. was raised to about 3*2 amp./sq. in., but beyond this -value the c.d. 
had little effect on the CO, content, which remained steady at about 86 % 
although -the decomposition volt^e continued to increase. This CO, 
content of 86 % in ^e gases collated probably corresponded to 100 % 
in the gases as formed at the anode for not only were the gases drawn off 


** Drossbach, Z. Elektrocham., 1936, 4a, 65. 
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through a refractory tube surrounding the carbon rod used as anode thus 
permitting some reduction of the CO„ but also, as we shall see later, some 
COj was probably reduced by metal fog. As the anode c.d, of an actual 
reduction furnace is usually considerably greater than 3-2 amp./sq. in. 
we should expect the initial anode product to be almost 100 % CO,. 

There are therefore several reasons why it is thought that CO, is the 
initial anode product although the gases escaping from the furnace 
contain varying amoimts of CO which cannot be completely accounted 
for by the reduction of CO, by the carbon of the anode. The cause of 
the CO formation is thus to be sought elsewhere. 

Just as it is difficult to see how oxygen can be deposited at less than 
100 % current efficiency it is equally difficult to see how the total metal, 
sodium and aluminium, actually formed at the cathode surhice can be 
produced at anything other than loo % current efficiency. But the 
average metal yield of a furnace may easily correspond to no more than 
85 % current efficiency, and the cxj^gen yield must clearly be equivalent 
to this aluminium if Ihe elementary laws of chemistry are to be satisfied, 
for the overall process occurring consists «sentially in splitting the 
alumina into aluminium and oxygen. The inefficiency of a furnace must 
therefore result from the interaction of the electrode products, the metal 
lost from the cathode combining with an equivalent amount of oxygen 
from the anode. This we believe to be due to the diffusion of a meftal 
fog from the cathode surface to the anode, where it reduces an almost 
equivalent amount of CO, to CO, the remainder being oxidised by the air. 

The formation of metal fogs during the electrolysis of fused salts has 
been studied by a number of workera.” 

When a particle of aluminium is dropped into a pot of clear molten 
cryolite streamers of fog can be seen spreading from the metal through 
the flux. If no more metal is added this fog can be removed by prolonged 
heating but so long as any metal remains the flux caimot be cleared at any 
temperature. It is presumed that the fog oxidises at the surface of the 
flux and that the oxidation products are soluble in the flux. As regards 
the nature of the fog, there seem to be only two possibilities, sodium and 
aluminium, and the former of these is the more probable for the vapour 
pressure of aluminium at 1000” c. is only 0'6 mm. of mercury whilst that 
of sodium is over 1000 mm. Moreover, the amount of fog observed at 
any given temperature increases with the sodium fluoride content of the 
flux, as would be expected from the discussion of the flux equihbria out- 
lined above. Very little fog is formed in fluxes rich in aluminium fluoride 
whilst dense fog is produced in NaF-rich flaxes and even when pure sodium 
fluoride is electrolysed. "We consider it probable that the fog consists of 
a dispersion of very’’ sma-11 bubbles of sodium vapour. 

The fog formed at the cathode diffuses or is carried to-svards the anode 
by the circulating flux and is probably oxidised there by the anode gas. 
Both sodium and aluminium can reduce CO, at the temperature of the 
reduction furnace although aluminium tends to form the carbide par- 
ticularly if the supply of CO, is limited. As there is excess of gas the 
reaction will occur with the reduction of CO, to CO. The fog probably 
does not reach the anode itself but reacts with the froth of gas bubbles 
surrounding the anode. The flux carried up to the surface of the bath 
by the rising gas bubbles will contain very little fog and some of this may 
be oxidised at the surface by the gases held beneath the crust. If the 
fog is aluminium the oxidation product, alumina, will dissolve in the flux 
whilst if the fog is sodium the Na ,0 formed will react with the aluminium 
fluoride constituent of the flux producing alumina : 

3 Na ,0 4 - 3 AIF, = 6 NaF -|- A 1 , 0 ,. 

^ e.g. I/nentz, Der Elehtrotys* (hsckmahener Salse, p. 40 ; Ruff and Busch. 
Z. oHorg. Chvm., 19*5, 144, ^7 Drossbach, Z. Elehirochem., 1936, 43, 65 ; 
Twms. Attur. EhctrocJtem. Soe„ 1935, 53 > 249. 
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In either case we get, in effect, the recombination of the original electrode 
products to give alumina, llius although metal and oxygen are both 
deposited at electrodes at 100 % eficiency and an equivalent amount 
of carbon is used, the oxygen in the gases passing out of the furnace will 
be equivalent to the actu^ metal 3ddd corresponding with the efficiency 
of the cell. On the basis of this explanation it may be shown that the 
CO, content of the anode gases should be equal to 2X — 100, where x is 
the percentage current efficiency. 

A number of experiments tends to confirm this explanation. To ascer- 
tain the nature of the fog, two cryolite fluxes were held molten in two 
graphite crucibles. In one crucible the flux was clear but in the other it 
was fogged from a layer of aluminium in the bottom of the crucible. A 
small graphite ladle containing molten lead was held in each flux for a 
given time. The analysis of the lead samples given in Table VI show that 

TABLE ^T. — Sodium Content of Lead in Presence of Fogged and Clear 

Fluxes. 



1 Sodium Content of Lead. 

Length of Time for irhich Lead 



«ab Leld in Molten Flux (hr.). 

Unfogged Phiz. 

Fogged Flux. 


% 

% 

I 

0*007 

0*073 

3 

0‘0ob 

0*49 


so^um has been absorbed from the fogged flux. The lead, being more 
noble than either sodium or aluminium, is incapable of reducing their 
compounds and therefore of absorbing either metal from the flux alone 
yet m the fogged flux sodium has accumulated in the lead. Metal in some 
form must therefore have diffused from the layer of aluminium in the 
bottom of the crucible through the flux to the lead. It seems probable 
therefore, that the fog consists either of metallic aluminium or sodium* 
for ^umimum could produce sodium at the flux lead interface by reaction 
wth the s^ium compounds in the flux. On the other hand, the observa- 
* density of the fog increase with the sodium fluoride content 
of me flux tends to show that the fog is metallic sodium liberated bv re- 
acbon between aluminium and sodium fluoride. The slow rate of increase 
of ^ so^um content of the lead is an indication that the percentage by 

^ probably for thfo reas^that 
direct attenapts to identify sodium m chilled samples of the flux faiin 

Sf a stationary concentration of as Uttle as 

o 005 ^ Na m the flux a reduction cell is sufficient to account for a 
drop m cathode current efficiency of over 20 %. 

The^ect of the fog on the composition of the anode gas has been 
f collectmg the anode gases during the e^rolysis of 

fogged and comparatavely unfogged fluxes of identical composition. Since 
unpc^ble to arrange an electrolysis in which the flux does 
Mt become fogged, conditions were simulated by beginning with 

a cle^ flux and electrolysing for a very short period, inte^^m? the 
collection of gas and the current to allow the flux to clear, 
the prcweduie unto sufficient gas had been collected for ^alysis^n ! 

™ ^-*5 in the gases from the un^ 
fog^d flux, and 0*59 m the gases from the fogged flux 

did not appear practical to make quantitative measurements of 

to correlate the anode gas com- 
^i^n w^ metal producbon efficiency, but a series of observISns on 
Ruction furnaces, of wfoch the foUowing results are typical, confirmed 

that such a correlation did m feet exist. Three fum^ 
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in which the cathode current e£S.ciencie8 were estimated from the metal 
yields, and the percentage of CO, corresponding with these current 
efficiencies were compared with that actually found by gas analj'sis. 
Typical data are shown in Table \T[I. 


TABLE VII. — ^Relationship between CO, Content of Anode Gases and 

Current Efficiency. 


FomaceXo. 

Cuixant 

Efficiency. 

Cotiesponding % CO, 
m Anode Gas. 

CO, found during 
“ Inter^up *’ Pniod, %. 

I 

85 

71 

69 

2 

83 

66 

62 

3 

72 

45 

32 


Agreement must be considered satisfactory bearing in mind the 
disturbing features present in the large furnace e.g. the reduction of the 
CO, cont^t of the anode gases by reaction with the anode and the splash- 
ing of metal causing direct shorting of the electrodes. Furnace 3 was 
also in very bad condition, and was showing a considerable amount of 
luminous flame at the flux surffice. 

The theoretical and experimental treatment just outlined thus leads 
to the following general conclusions : (i) the initial anode product is 
practically 100 % CO, at 100 % current efficiency ; (2; the oxygen passing 
out of the furnace as CO, and CO is approximately equivalent to the 
aluminium produced at the cathode ; (3) the aluminium current in- 

efficiency' at the cathode is mainly due the formation of a metallic fog 
which is probably sodium ; (4) the fog diffuses or is carried to the an(^e 
by the circulating flux, and there reacts in the main with the CO, reducing 
it to CO, but also to a ^ght extent with the atmosphere with the formation 
of the metaUic oxide. The oxidation product by reaction with the flux 
forms alumina again. The CO, content of the anode gases is thus deter- 
mined by the current efficiency at which the cell is operating, and should 
be given by the relationship : 

metal current efficiency % = i {% CO, content of anode gases) 50. 

Discussion and Summary. 

The cell consists essentially of a carbon anode, a molten aluminium 
cathode, and an electrolyse of molten cryolite in which alumina is dis- 
solved. The overall reaction occurring in the cell consists in the reduction 
of alumina to aluminium and the oxidation of carbon to its monoxide and 
dioxide. 

The electrolyse may contain in addition to cryolite and alumina, either 
adventitiously or deliberately', calcium fluoride and more aluminium 
fluoride or soffinm fluoride than is represented by the t^'olite composition; 
the cryolite itself is also partiallyr dissociated into its constitnent salts 
or their ions at the Avorking temperature of about 1000° c. Neither the 
alumina nor the calcium fluoride playr an appreciable part in transporting 
the current, the majority of which is carried by the sodium cation. Some 
transport to the anode probably occurs via the anion AIF,'" derived from 
cryolite or aluminium fluoride : 

Na,AlF, ^ 3 Na* -H AIF,'" 

A 1 ,F, ^ Al*- -f AIF,^". 

At the cathode during the nonnal <^)eFation of the c^, the ion prhpaiffy' 
discharged appeus to be aluminium derived largely from the dissociation 
of alumina : 


A 1 , 0 , ^ Al*- -f- AlO,"'. 
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Under suitable conditions a primary deposition of sodium ion may occur, 
the sodium then reacting "with the flux to produce aluminium. The 
relative extent of the primary depositions of aluminium and sodium 
must clearly depend on the acti\'ities of the ions in the vicinity of the 
cathode, and their deposition potentials. 

At the anode, again during the normal opmution of the cell, the ion 
primarily deposited would appear to be AlOj'" derived from the dis- 
sociation of the alumina. On deposition this ion may either 3deld alumina 
and oxygen : 

2 AlO/'' = A 1 , 0 , + liO* -f 6«, 

the oxygen immediately reacting with the carbon of the anode to give 
COg, or the ion AlO,''' may deposit and react simultaneously with the 
carlx>n according to the equation : aAlO*''' + i JC = AlgO, + iJCOg + 6e. 
In either case, the gaseous product appears to be COg, which is partially 
reduced to CO (a) largely by the metallic fog which is produced at the 
cathode, and which very probably consists of minute bubbles of sodium 
vapmr, and (6) to a much less extent by the carbon of the anode : 

COg “p aNa = CO -j- Na^O 
COg + C = 2CO. 

The production of metallic fog occurs in the absence of electrolysis 
through the reaction of metallic aluminium with the flux, the tendency 
for fog production being greatest in NaF-rich fluxes : 

A 1 + 3NaF 3Na + AIF,. 

\\’hfither produced in this way, or by primary electrolytic deposition, its 
effect is the same, namely, to reduce the cathode current efficiency of 
aluminium production, for any sodium that escapes reaction with flux 
to produce metallic aluminium at the cathode is carried to the anode 
where it either reduces some of the anode product CO,, or is oxidised by 
the atmosphere, in both cases to form sodium monoxide. The sodium 
monoxide then re-fonns alumina in the flux according to the reaction : 

3Na,0 + 2A1F, ^ A 1 , 0 , + 6NaF. 

If the fog were to consist of aluminium, which seems imlikely, the RgTn*» 
end e&ct ivould be produced directly, i.e. the re-formation of alumina. 

This explanation of the mechanism of CO formation at the anode is 
confirmed by the obsei^'ation that : 
metal current efficiency % = J (CO, content of anode gases %) + 50. 

T^e argiments advanced have been confined to the cell running in 
the “ down ” condition. In the " up ” and “ super up " states, which 
have been less fuUy s^died and which are characterised by the condition 
that the flux is, relative to the c.d. and condition of the anode, impover- 
ished in ^nmina, the predominant primary anodic and cathodic processes 
can clearly difler from the normal ones. Thus, there is a higher probability 
of the primary deposition of the AIF,'" ion at the anode with the sub- 
sequent formation of CF ,, and of the deposition of sodium at the cathode. 

The authors are indebted to the British Aluminium Co. Ltd. for 
perm^on to publish this paper, and to various colleagues who have 
contributed to the work. 


Resume. 

A I’mde de faits expdrimentaux, pr^cidemment publics ou nouveaux 
on exphque les traits caract6ristiques des processus ^ectrochimiques qni 
pnnnMt place dam la cellule k reduction d’alumine loisqu'elle fonctionne 
dans des croffitions normales. Les faits exp&rimentaux nouveaux se 
mppKJT^t a la constitution d' 61 ectrodes de crymlite fondue, k la con- 
ducti^ d elfictrol3rte8 de cryolite contenant du fluomre de calcium et 
a la presence d'oxyde de carbone dans les gaz anodiques. 
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Zusanunenf assung . 

Die charakteristischen Ztige der elektrochemischen Prozesse, die bei 
der elektiDl3rtisclien Aluminiumrednktion stattfinden, werden unter 
Zu hilfenahm e von verOffentlichten nnd neuen Versuchseigebnissen erklart. 
Die neuen Daten betrefien die Zusammensetzung von geschmolzenen 
Kryolithelektroden, die LeitfSbigkeit von Kr3^1ith.elektrolyten, die 
KalziuinfLuoTid enthalten, nnd die Gegenwaxt von Kohlenmonoxyd in 
den Anodengasen. 

Research Laboratories of The British Aluminium Co., Ltd., 

Chalfont Park, 

Gerrards Cross, 

Bucks. 


THE USE OF SILVER— SILVER CHLORIDE 
REFERENCE ELECTRODES IN DILUTE 
SOLUTIONS. 

By P. T. Gilbert. 

Received jih ^larch, 1947. 

In the couTse of certain vrork on the corrosion of zinc and galvanised 
iron in dilute solutions it became necessary to select a reference electrode 
satisfying the foIlo^vmg conditions : (i) the electrode should be easily 
prepared, and reproducible to about i mv^ ; (ii) the electrode should be 
capable of easy incorporation into cells to be maintained at temperatures 
up to 85° c., and should behave satisfactorily at such temperatures ; 
(iii) the electrode potential should remain constant under these conditions 
over long periods of time — ^up to many months ; and (iv) no contaminating 
substances should be introduced into the solution in amounts sufficient 
to a;Sect appreciably the corrosion of specimens of zinc, iron, etc., as a 
result of incorporation of the electrode. These requirements rendered the 
use of any simple bridge system unsuitable. Since most of the solutions 
being examined contained some dissolved chloride, the Ag/AgCl electrode 
vras chosen as appropriate for the work. 

On consideration of the results obtained some doubt emerged as to 
the basis on which potential measurements made at different temperatures 
should be compared. One of the objects of the work was to obtain in- 
formation about the change in character of surface films on corroding 
metal specimens and any tendency for such films to break down or reform, 
etc., as the temperature changed, and it was therefore desirable that the 
potential measurements made should be truly comparable. 

By the usual convention the hydrogen electrode with hydrogen at 
X atmos., and in a solution containing hydrogen ions at unit activity is 
arbitrarily assumed to be of zero potential at all temperatures. There 
to be no reason why the potential of the hydrogen electrode should 
not actually change with temperature wdth respect to its \'alue at some 
fixed temperature such as 20° c. If this is so, potentials measured at 
diffwr Rnt temperatures would not be directly comparable since measure- 
ments at any temperature ate always referred to a h}rdrogen electrode 
at that temperature. This difficulty could only be overcome by measure- 
ments of cdUs in which the two ^ectrodes are at different temperatures. 
The existence of liquid junction potentials affects any such determinations 
and there are other complicating fectois in such a celL Some measure- 
ments have been made on cdls of this type, but the interpretation of the 
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results is a matter of some difficulty. It is in fact possible that no useful 
information ean be derived from the results but corrosion studies would 
be facilitated if potential measurements made at different temperatures 
could be directly compared and it is felt that discussion along these lines 
would serv’e a useful purpose. 

Experimental. 

The Ag AgCl electrodes used were immersed in the actual corroding 
solution under investigation and therefore no corrections for junction 
potentials had to be applied.^ The only contaminating substance intro- 
duced was AgCl, the solubility of which is very small. Moreover, it was 
considered that dissolved AgCl was probably' confined to the liquid within 
the beaks fitted to the electrodes, and did not easily diffuse into the bulk 
of the liquid in the vessel. Although tests were run for many months, 
the liquid in the vessels was chang^ after mtervals of, at most, 4 da3rs 
and there was therefore httle chance of accumulation of the dissolved 
AgCl. Nevertheless, in view of the verj" small amounts of dissolved 
copper &aJts, for example, which can cause increased localised attack on 
zinc surfaces it is perhaps a httle surprising that incorporation of Ag/AgCl 
electrodea m the cells has ne\*cr been obsen'ed to have caused any ap- 
preciably increased attack of zinc specimens. 

Several diiierent methods of preparing Ag/AgCl electrodes on platinum 
spirals sealed into the glass holders used were investigated including : 
<i) decomposing a paste of Ag ,0 and AgClO,, (2) electrol}rtic deposition 
of Ag from a cyanide solution followed by formation of AgCl by electro- 
lysis in dll. HCl, (3) decomposition of Ag ,0 paste followed by formation 
of AgCl by electrolysis in dil. HCl. The last method proved most satis- 
factorj’ and the procedure finall}’ adopted was as follows. 

Spirals of 30 s.w.g. Pt ivire were wound to a diameter of about i mm. 
and a length of 1 cm. and sealed into the glass holders. The spirals were 
uniformly coated with a paste of Ag ,0 and water Avhich ivas decomposed 
by heating for a short time at 350“ c. The resulting silv'er coating was 
covered with chloride b}’ electrolysis in n./io HCl with a current of 2-3 ma. 
for 2 hr., the Ag electrode being made the anode. 

There is some divergence of opinion as to whether light materially 
affects the potential of Ag/AgCl electrodes,® but as extreme accuracy of 
measurement Avas not necessary in the present Avork no attempt was inade 
to prepare and use the Ag/AgCl electrodes completely in the dark. During 
the greater part of their liA’es they were, however, operating in the dark. 

The solutions under inv'estigation usually contained 30-40 p.p.m. 
chloride. One supply Avater for instance contained 41 p.p.m. clfioride 
and this figure Avas practically comtant, and, moreover, did not change 
appreciably after iron or zinc electrodes had. corroded in it for some time. 
It was found that this small amount of chloride was sufficient to cause 
Ag/AgCl electrodes to give rise to a constant and reproducible potential, 
which corresponded to the theoretical A?alne. 

Significance of Observed Electrode Potentials. 

( 1 ) Concentration of Solution. — The potential of Ag/AgCl electrodes 
is giA'cn bj’ the equation 

RT 

E = E^ — yr loge(acil-) . . . (1) 

(flcir) being the actiAdty of the chloride in solution, which, in the dilute 
solutions considered, is nearly equal to the concentration. The Tnftgr> 
activity coefficient for o*ooi n. KCl is about 0-977. The Aralue of E®, 

® Gilbert, J . Set. Instr ., 1945, 33, 235. 

*e.g. Carmody, J, Amer. Cl^m. Soc., igzg, 51, 2901. 
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the potential of an Ag/AgCl electrode in a solution in which (aci-) = 1, 
is 0-22239 V. at 25° c. according to Hamed and Ehlers,® and at 20“ c. is 
0-2255 V. 

Substituting in equation (i) for a solution containing 41 p.p.m, chloride 
-E20" = + 0-396 V. 

\Vhen electrodes were immersed in either the supply water or KCl 
solution containing 41 p.p.m. chloride, they usuall\* gave this theoretical 
value, i.e. the potential was 0-114 v. against a normal calomel electrode, 
or 0-150 V. against a saturated calomel electrode (at 20' c.). Any electrode 
diverg^ more than 1-2 mv. was discarded. (Calculation of the junction 
potentials for cells comprising n. calomel or saturated calomel, and Ag/AgCl, 
in the dilute solutions used indicated values of the order of z mv.) 

Ag/AgCl electrodes have been used in solutions containing as little 
chloride 2is 10 p.p.m., in which the theoretical values (+ 0-432 v. against 
hydrogen at 20° c.) is still given. In such dilute solutions it is necessary 
to immerse the electrode for some minutes before equilibrium is reached. 

(2) Effect of Temperature Variation. — ^The \ariation of the standard 
elecixode potential of the Ag/AgCl electrode with temperature between 
0“ and 60'’ c. has been given by Hamed and Ehlers * by equation (2) 

= 0-22239 — 645-52 X io-«(« — 25) — 3-284 X io-«(i — 25)* 

+ 9 - 4 ® X io-»(f — 25)» (2) 

From this equation £“ can be calculated for any temperature between 
0“ and 60^ c. Therefore the potential of the Ag A^l electrode in a solu- 
tion containing any concentration of chloride ions can be calculated for 
any temperature between o~ and 60° c., providing the acti\'it>' of the 
chloride ions in the solution at the particul^ temperature is known. 

If it is assumed that equation (2) holds up to 85“ c. the potential of 
the Ag/AgCl electrode in the supply water containing 41 p.p.m. chloride 
at 85° c. can be calculated. From equation (2) E’ss* = + 0-1716 v. but 

RT 

Ess* = -E^ss* y loge («oi-) • • • (3) 

where T = 358'' k. 

The variations of activities with temperature for solute and solvent 
are given by equations (4) 

^ loge tfi ^ ^ ^ loge as ^ ^ f.. 

HT i?r3’ ^T RT^ ■ ' 

where and L, are the relative partial molar heat contents of the solute 
and solvent respectivdy, Ui and a* being the corresponding activities. 

Since, however, the relative partial heat contents are small for dilute 
solutions, the activities for such solutions can be regarded as independent 
of temperature. As before, therefore, the concentration of chloride ions 
may' be substituted for (aca) in equation (3), without introducing appre- 
ciable error. This leads to the value — 0-380 v., for Ess** the potential 
at 85° c. of the Ag/AgCl electrode in the solution containing 41 p.p.m. 
chloride. From such ^•alues the electrode potentials on the hydrogen 
scale of the corroding metal specimens being examined can be calculated 
directly since no junction potentials were involved. 

The behaviour of the Ag/AgCl electrode in n. KCl solution has also 
been considered. The mean activity coef&cient for KCl in n. solution 
at 20® c. is given by Hamed ® as 0-604. Using this \'alue and snbstitutu^ 
in equation (i) it is found that the potential of an Ag/AgCl electrode in 
N. KCl at 20° c. ^ould be + 0-238 v. on the hydrogen sc^e. This value 

* Hamed and Ehlers, J. Amer. Chan. Soe., 1932. 54^ 1350. 

* Ibid., 1933, 55, 2179, 

‘ Hamed. 2 Physical Chemistry of Electrolytic Solutions (Reinhold Publishing 

Co-. 1943). P. 558. 
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has been confirmed by measurement of Ag/Agd in n. KCl at 20® c. against 
N. calomel (in which cell there is no junction potential). The value ob- 
tained was — 0'046 V., i.e. -}- 0*23^ hydrogen scale. 

In Older to calculate the potential of the Ag/AgCl electrode m n. KCl 
at 85* c. equations (2) and (3) are used. In this case, however, since the 
solutions are appreciably concentrated, it is necessary to take into account 
the variation of activnty coefficient with temperature. TMs is done by 
means of equation (4). From lvalues given by Hamed,* L, the relative 
partial molar heat content for n. KCl at 25° c. is — 283 cal. /mol. Using 
this \'alue, and o-6o6 for the activity coefficient for n. KCl at 25° c., the 
value obtamed for the activity coefficient at 85° c. is 0*655. Substituting 
this ^al^e in equation (3), it is found that the potential of the Ag/AgCl 
electrode at 85® C., is o*i86 v. on the hydrogen scale. 

( 3 ) Comparison of Potential Measurements made at Different Tem- 
peratures. — ^An attempt was made to find a basis for direct comparison 
of potential measurements made at different temperatures (i.s. to eliminate 
ettects of a temperature coefficient of the hydrogen electrode, if any exists) , 
bv measurements of the e m.f.’s of cells of the type : 

Ag/AgCl/MCl(m)//MCl(>»)/AgCl/Ag . . . (i) 

20\o. r“o. 

as T varied between ’o® and 85® c. 

A summaiy of the results obtained for a temperature difference of 
65® c. for i-anous electrolytes at various concentration is given in Table I 
below. In each case the hot end of the cell was positive. Also given in 
Table I are the differences between electrodes at 20° and 85“ c. respectively, 
calculated on the basis of Hamed and Ehlers' temperature coefficient 
for £®Ag/Agci aud takmg mto account the variations of activity coefficients 
uith concentration and temperature. These values are those correspond- 
ing to the E.M.F.’s of cells of the type : 


Ag/AgCl (a = i) 
Q“(»i) 
other 10ns 
for electro- 
neutrality 
ao"o. 


H, H, H+ (a = I) 

Pt ^Pt a-(w) 

other ions 
for electro- 
neutrahty 
T’a. 


Aga/Ag 


From these calculated values the hot electrode should be more negative 
in all cases. The discrepancies between the values obtained from cells 
(1) and (2) for various electrolytes and concentrations for a 65® c. tem- 
perature difference are given in Table I. It is interesting that except for 
HCl the discrepancy is practically constant at about 0*065 v. 


TABLE I 


Comparison of b.m.f.'s of Cbixs (i) and (2) for the Trmpbratttrb diffbrbncb 

BETWEEN 20® C. AND 85 " C. 


Electtolyto. 

s jij, of cell (i) 
(Ar- 63 »c.) 

V. 

Cslcnlated X ju. 

of cdlfa) 
(A3’-65 *c.)v. 

DlKiepaaoy 

{Ar-d?^)V. 

N. KQ 

0*014 

— 0*052 

0‘066 

0*0x15 N. KCl 

0*050 

— 0*016 

o*o66 

0*00115 K. KQ 

0*037 

— 0*030 

0*067 

0*0875 N. HCl 

0 

— 0*024 

0*024 

0*000875 N. HCl 

0*023 

— 0*015 

0*038 

N. KaCl 
o*oor N. NaCl 

0*014 

0*045 

— 0*031 

— 0*0l6 

0*065 

o*o6i 


^ • Hamed, TAs Physical Chemistry of Electrolytic Solutions (Reinhold Publishing 
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This discrepancy is made up of several factors. Transport occurs in 
cell (x) but not in cell (2) and the e.m.f.'s should therefore be different by 
a factor involving the txmisport numbers of the ions. There is a junction 
potential in cell (x), and also various thermo-effects in the conductors 
since the 2 electrodes are at different temperatures. Finally, the dis- 
crepancy includes effects due to any temperature coefficient of the hj^drogen 
dectrode. Before any estimate of the latter quantity can be made it is 
necessary to eliminate or estimate all the other effects. 

It is likely that thermoelectric effects will be gmall. Measurements 
have been made with the usual type of Ag/AgCl electrodes (i.e. Ag on Pt 
with copper wire connections) and also wi^ electrodes made directly 
on silver wires, in which case all connecting wires to the measuring instru- 
ment (which was at room temperature) were of silver. No appreciable 
difference was foxmd. The offiy thermoelectric effect in the second 
arrangement is that due to the Thomson effect, caused by the drop in 
temperature along the silver wire. For a 65 ° c. temperature difference 
this is not likely to account for any appreciable part of the observed 
discr^ancy. 

It is not certain that thermodynamic considerations can be applied 
to cells of t3q)e (x). There appears to be no strong reason why this should 
not be so, however, since thermodynamics are successfully applied to 
analogous cells where there is a concentration difference in the two halvas 
instead of a temperature difference. If thermodynamic principles can 
be applied, it should be possible to make some estimate of the junction 
potentials involved, at least in the dilute solutions. This would involve 
an accurate knowledge of the transport numbers of the electroh-tes in- 
volved, and of their change with temperature. It is possible that the 
ph3^cal form of the liquid junction might affect the value of the junction 
potential, but this does not appear Irkely since experiments ^vith cells 
in which the t3q)e of junction vsras varied, have not given different results 
for the BJM.F.’s of cell (i). 

If the effects described could be calculated with certainty it wnuld 
be possible to deduce from the values in Table I whether or not a tem- 
perature coefficient of the hydrogmi electrode exists, and if so, wrhat its 
magnitude is. On the other hand, careful examination of the thermo- 
dynamics invoh’ed might show that no information of any value could 
be derived from such considerations and that there is no possibility of 
referring electrode potentials to any standard other than that of the 
hydrogen electrode at the temperature of measurement. 

It is felt that this is a theoretical problem the solution of which would 
help to clarify the position arisiiig when corrosion studies involving poten- 
tial measurements at different temperatures are made, and discussion of 
the points raised is therefore invited. The problem of comparison of 
^ectrode potential at different temperatures from the point of view of 
obtaining information about filTn characteristics, etc., will probably prove 
to be a complex one, but it is felt that an essential pre liminar y step is to 
remove doubt about any possible effect of a temperature coefficient of 
the hydrogen electrode, if this is possible. 

The author wishes to thank R. P. Bell, F.R.S,, for advice and his 
coUei^e Mr. H. J. V. Tyrrell, for much helpfiil discussion. 

Summary. 

The Ag/AgCl electrode is suitable for use in corrosion work at tem- 
p^utuies up to at least 85** c. and in dilute solutions containing as little 
as 10 p.p.m. chloride. 

Attention is drawn to the desirability in corrosion studies of being able 
to com^iarB directly potentials measured at different temperatures. Some 
discussion is given of the basis on which such comparisons may be possible 
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and of the signilicance of measurements of the e.m.f.’s of cells with 
transport with the electrodes at different temperatures, particularly with 
a view to deciding whether or not the potential of the hydrogen electrode 
varies with temperature. 


R£sum6. 

L' Electrode Ag/AgCl convient pour des 6tudes de corrosion, k des 
temperatures allant an moins jusqu’k 85® c. et dans des solutions dilutes 
jusqu’au i/ioo.ooo ^me en chlorure. 

II serait souhaitable. pour de telles 6tudes, que les potentiels mesurSs 
^ diff^rentes temperatures puissent Stce compares directement. Les bases 
d’un tel mode de comparaison sont discut^M, ainsi que le sens que I'on 
doit attnbuer aux mesures des f.6.m. de cellules avec transport dont les 
Electrodes sont k des tempEratures diffErentes. Cette discussion vise 
particuliErement k dEterminer si le potentiel de I'Electrode k hydrogEne 
varie ou non avec la tempErature. 

Zusammenfassung . 

l)ie Ag AgCl Elektrode ist fiir Verwendung in Korrosionsstudien 
geeignet, u.zw. bei Temperaturen bis mindestens 85® c. und in Lbsungen. 
die nur 10 Teile Chlorid pro Million enthalten. £s wird darauf hingewiesen . 
dass es m Korrosionsstudien wiinschenswert ist, Potentiale. die bei 
verschiedencn Temperaturen gemessen wurden, direkt vergleichen zu 
kbnnen. Die theoretische Basis eines derartigen Vergleichs und die 
Bedeutung der elektromotorischen Kr&fte von Ketten, in denen die 
Elektroden an verschiedenen Temperaturen gehalten werden, werden 
besprochen, mit besonderem Hinweis auf die Entscheidung der Frage, ob 
das Potential der Wasserstofielektrode ron der Temperatur unabhkngig ist. 

British Non-Fertaus Metals Research AssociatioH, 

London, 


(6) GENERAL DISCUSSION* 

Dr. J. N. Agar {Cambridge) said : 1 should like to ask Dr. Fj^rland if 
he can give any estimate of tte amount of peroxide formed during electro- 
lysis, to wrhich he referred in introducing his paper. In some work carried 
out a few years ago on the deposition of oxj'^gen from molten NaOH ^ we 
were unable to detect peroxides in the electrol3>te, but the analysis was 
carried out some time after switching off the current and after allowing 
the melt to solidify ; the technique was thus different from that used by 
Flood and Fjiifrland. 

Dr. T. Forland {Trondheim) {communicated) : Melts of the systems 
containing phosphate and oxide were tested for peroxide. The tests were 
carried out in the following way. 

A weighing l^ttla was half-filled wiih an acid solution of KI and 
starch. S^ples of the melt (some taken out when the cell was in opersr 
ti(m and some taken out when the current had been cut off for some 
minut^) were powdered and put into the bottle ; the powder slowly 
went into solution. After some minutes the solution always became 
blue. When, howm’er, the samples were taken out when the cell was in 
operation, the blue colour alwa3rs started in a layer at the bottom of the 
bottle, and the solution above was quite clear. In those cases the melt 
was assumed to contain peroxide. 

* On the three preceding p^ers. 

1 Agar and Boiroen, Ptoc. Roy, Soc., A, 1939, 169, 206. 
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Dr. F. Wormwell {Tedditigion) said: I should like to endorse Mr. 
Gilbert's remarks on the desirability of being able to compare potential 
measurements carried out at different temperatures. This would greatly 
facilitate theinteipretation of potentialmeasurementsoncorroding specimens. 

It is gratifying to learn that the silver-silver chloride eledrode can be 
used satisfactorily in natural waters of low chloride content. Is the 
electrode suitable for prolonged use in natural or artificial sea-waters ? 
Apart from the use of a reference electrode for potential measurements, 
IVfiss Brasher and I are interested in measuring the electrical resistance 
and capacity (with alternating current) of metaJ^ covered with protective 
coatings. Is the silver-silver chloride electrode likely to be suitable as a 
reference electrode in such work, and in particular is ttere any information 
on its capacity ? 

Dr. 'T. P. Hoar (Cambridge) said : I can confirm that the silver-silver 
chloride electrode is useful in quite dilute chloride solutions ; I have used 
it for the rapid estimation of traces of chloride ion in emulsions, with results 
agreeing with chemical determinations. It may also be of interest 
to observe that Dr. Thornhill and I, in some w'ork to be reported shortly, 
found that silver-silver chloride electrodes function reasonably well in 
sea-water, though they sometimes become unstable through adsorption 
of impurities, probably organic in nature. Their potential is unaffected 
by tr^es of bromide, iodide or sulphide until they have been in contact 
with sufficient electrolyte to convert almost the whole of the silver 
chloride mto the less soluble sUver bromide, iodide or sulphide. 

Dr. J. T. Barker (Flint) (communicated ) : A definite but conditional 
answer in the affirmative can be given to jVIt. Gilbert’s query' as to whether 
electrode potentials in different ^ectroU'tes and at different temperatures 
can be accurately compared. The firrt condition is that the electrode 
under test must be compared with the selected standard half-cell by a 
strictly open-circuit method. Any p.d. in a conducting system must of 
necessity give rise to, or be associated with, a flow of electricity, unless, 
as a special case, this p.d. goes along with bound charges, as in the case 
of a double layer, hliscible electrolytes, even at different temperatures, 
will not in general give rise to double layers where they meet. Hence on 
(^pen circuit, when there is no flow of electricity, th^ can be no p.d. 
at such liquid junctions. A second condition th^ is the absence of a 
double layer there. Instruments, even very sensitive ones, which 
definit^y require small currents for their operation, will not do since at 
the liquid junction the small current will invoke some p.d. The open- 
circuit method is moreover well suited to the measurement of the electrode 
potential of corroded samples, which ought not to be exposed to alteration 
by electrolytic action. 

Prof. A. R. Ubbelohde (Belfast) said : The paper by Pearson and 
Waddington raises a number of problems of great interest for the chemistry 
of close-packed ionic systems, i.e. for cnrstal chemistry in the wider sense. 

(a) It would be interesting to know w'hat is the condition of dissolved 
AI1O3 in molten cryolite. The sublimation energy of this crystal is very 
high and the comparatively large solubility at around 1000® is probably 
much above the " ideal ’’ solubility of molecular AlgOg. 

It would be useful in this connection to know the temperature co- 
efficient of the solubility of A 1 , 0 , in molten cryolite, so as to evaluate 
the heat of solution. A low heat of solution would indicate some kind of 
ionic dissociation, rather than undissociated AljO,. It may be pointed 
out that if AlgO^ dissociates into ions in the melt, for example, 

A 1 , 0 , ^ A 1 +-H- -I- AlO/" 

this need not make a large difference to the conductivity since it may be 
anticipated that the mobility of such hi^y charged ions will be very 
considerably reduced by the drag of ions of opposite sign. In foot we 
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might anticipate that in an ionic melt the mobility of singly-charged ions 
such as Na” \vill be responsible for carrying most of the current. Any 
experimental information on this point is of considerable interest in con- 
nection with the conduction of electricity in ionic melts, ■which is probably 
more closely related to the conduction in ionic crj’stals t h a n to conduction 
in dilute solutions of electrolytes. 

(6) The second point of interest rda'tes ■to the existence of ■the 
ion O" in the melt. This ion is of considerable interest in connection 
wi^th the formation of oxide films, and other problems in crystal chemistry, 
and it is important to have defij^te e\*idence for or against the transport 
of current by this ion. One would like to know how far there may be 
evidence for its existence in the case of oxides dissolved in other molten 
fluorites, even if it does not contribute to electric transport in the case of 
oyolite. 

Dr. J. Waddlnflton [Kinlochleven) {communicated) : In connection 
with ■the suggestion made by Prof. Ubbelohde that rt would be useful 
to evaluate the heat of solution of alumina in cryolite from the temperature 
coefificient of solubiliri', we would mention that the solubility of alumina 
increases from 13-5 % at 960“ c. to 22 % at 1080® c., indicating a relatively 
low heat of solution. 

The suggestion that the fog may consist of sodium ■vapour, on which 
Dr. Gross and Dr. Agar commented. Weis based on the obser^tion that 
the amount of fog increased markedly with the sodium fluoride content 
of the electrolyte and that very little visible fog is obtained ■with electro- 
lytes near the chiolith composition. From the practical point of view 
and the operation of the furnace it does not matter whether the fog is 
assumed to be sodium or aluminium. 

The following points not mentioned in the paper might be of interest. 

(a) It has been observed that the size of the gas bubbles escaping horn 
the carbon anode of the cryolite-alumina cell ■varies with the alumina 
content of the electrol3Fte. With high alumina contents a froth of fine 
bubbles is obtained, but the bubble size gradually increases as the alumina 
content &Ils ; the bubbles tend to ding more to the anode, until finally, 
with depletion of the alumina content of ■the electrolyte, the " up ” effed 
occurs and a continuous film of gas is obtained on the sur^e of the anode. 

(b) Although a good cathi^e current efiEiciency is obtained when 
depositing aluminium on a pool of molten aluminium on ■the bottom of 
the cell only very poor efilciencies can be obtained if we attempt to deposit 
the metal on a ■vertical graphite or carbon plate. The exact explanation 
of this is not known but it may be due to the escape of fine, negatively- 
chaiged globules of metal from the vertical plate. 

Dr. J. O’M. Bockris (London) said : The existence of the O — ion is 
made probable by the high conductance possessed by CaO, FeO, etc., 
in the molten state.* 

Dr. P. Gross (Slough) said : The paper of Pearson and Waddington 
refers to ■the existence of a fog consisting of sodium vapour. Since the 
acti^vity of sodium due to the reaction, AIF, -f Na 3NaF -f- Al, is 
less t han i, is not ■the existence of sodium vapour of i atm. excluded ? 
A higher sodium ■vapour pressure than is possible from this reaction could 
be produced by the reaction,* Al 4 - NaF -> AIF -f Na. For the reaction 
between liquid aluminium and liquid sodium chloride ■the sodium pressure 
due to the formation of aluminium trichloride or aluminium monochloride, 
can be calculated because the ■thermod3mainic magnitudes of the aluminium 
mottochloride are known spectroscopically.* At 1000° c. ■the sodium 
pressure due to the formation of aluminium trichloride is quite small in 

* Volaro'vich and Tolstof, J. Soc. Glass, Tech., 1936, ao, 54. 

• B.P. Spedfica'tion, 583,579. 

‘Bhadori and Fowler. Proc., Roy. Soc., A, 1934, * 4 S. 321 ; Miescher, ffefo. 
Phys. Ada., 1935, 8, 486. 
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comparison \%ith the sodium pressure due to the formation of aluminium 
monochloride, which itself is still below i imn. mercury. 

Dr. J. N. Agar {Cambridge) said : The formation of metal fogs is of 
very common occurrence in fused salt electrolysis ; Pearson and 
Waddington suggest that the fog described by them is sodium vapour, 
but I think that in certain other cases such fogs must consist of the liquid 
metal. I should like to ask whether they can give any explanation of 
the ease with which dispersions of this type are formed, and, in particular, 
whether there are any rele\'ant data on the interfacial tensions between 
liquid metals and molten salts. 

(In reply to Dr. Pearson and Waddington) : The formation of bubbles 
at dectrodes, and the size of bubbles when they leave the surface, has 
been investigated by Frumldn and his co-workers.* The contact angle is 
an important factor, and this depends on the metal-solution inter&cial 
tension, which in turn is a function of the interfacial potential. 

The deposition of mercury on graphite electrodes has been studied 
by Erdey-Grdz and ^'ohner.* 

•A reraw is given by Frumldn in Adualitis Scientifiques et Industt idles, 
Fo. 373 (Hermann et Cie., Paris, 1936). 

• Volmer, Physik. Z. Soviet Vmon, IQ33, 4, 346 : Erdey-Gniz and Volmer, Z. 
physik. Chew., 1931, 157, 1S2 ; Erdey-Grdz and Wick, ibid., 1932, 163, 63. 
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An obvious necessity exists for a sur%''ey of the numerical \'alues of 
the standard electrode potentials. Older collections * are now of limited 
use, and the scattered nature of the rele\'ant literature makes difficult 
a rapid re-orientation by a single worker. Indeed, a comprehensive and 
critical examination of the data can only conveniently be carried out 
where a comparatively'^ large team of workers specialising in electrochem- 
istry is available, as in this Department, so that a system of independent 
checking of an examination of the literature can be made. 

In the present summary, attention has been concentrated on electrode 
potentials corresponding to equilibria of the type : 

M*+ 4- ze ^ M (i) 

and A + A’-, . . . • {2) 

where e is the unit electronic charge and z is a small integer. In a few 
instances, where no such values are a-s’ailable, standard electrode potentials 
are given which refer to some other simple reaction involving the given 
element in a solution of its ions. 

All values refer to aqueous solutions at 25*’ c. The small amount 
of work relating to non-aqueous solutions is di^ussed in a recent review 
by Pleakov.^ 


♦See, eg., Gerke, Chem. Rev., 1924, i, 377. 
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Defluitioiis. — The reversible electrode potential of an element in a 
solution of its ions at an activity is defined by the expression : 

RT 

= ^0 4- ^ In . . . . (3) 

if the element forms positive ions and the relevant equilibrium reaction 
at the electrode-solution interface is (i) ; and by the expression 

RT 

« * ^0 - ^ In a, . . . . (4) 

if the element forms negative ions and the relevant reaction is (2). 

The term is given by 

a* — ViPi { 3 ) 

where is the stoichiometric molality of the ion of the electrode material 
and is the corresponding stoichiometric activity coefficient of this ion. 

Electrode potentials derived from eqn. (i) and (2), have a sign according 
to the European convention, i.e. when the electr<^e potential is repre- 
sented by a positive number on the standard hyd^gen scale, the 
electrode is more positive than the standard hydrogen electrode. 

The standard electrode potential is defined by in (3) and (4), or 
approximately as " the potential of the electrode in a solution in which 
its ions have unit acti^'ity.’‘ In a complete definition it is necessary to 
state the reaction at the electrode-solurion interface to which the given 
standard electrode potential refers. Because it is not possible to measure 
unambiguously an absolute metal-solution potential difference, electrode 
potent!^ are recorded with reference to the standard reversible hydrogen 
electrode. The standard reversible electrode potential of hydrogen (for 
which = I and = 1) is taken as zero at all temperatures. 

Evaluation of Standard Electrode Potentials.*— The following difficaltiles 
arise in evaluating standard electrode potentials according to the definition 
given above. 

SixGLB Ion AcnvrnBS, — ^Eqn. (3), (4) and (5) involve the activity of a 
single ionic species, which cannot at present be determined unambiguously by 
experiuKut. It is often necessary* to make use of mean ion activities of the salt 
containing ions of the element and thisprocwinre must introduce an approximation 
so that single electrode potentials measured in this way lack precise 
Frequently, data are not available for the activity coefficient of the salt over 
the appropriate concentration range. In such cases an attempt may be 
to calculate the relevant activity coefficient from the appropriate theoretical 
equations of the interionic attraction theory of activity in ionic solutions. These 
equations are particularly inapplicable for polyvalent ions where they are most 
needed, and moreover, the salting-out constant of these equations is often 
unknown. 

Densities of the Solutions. Authors express their results with reference 
to weight or volume concentrations. For a uniform presentation of standard 
electrode potentials, therefore, it is necessary to know the rta n siries of the ap- 
propriate solutions and these are often not available. 

The Liquid- Junction Potential. Liquid-junction potentials arise in many 
deteiminatioiis of standard electrode potentials and are frequently nnaatisffic- 
torily eliminated. Calculations of corrections for this factor from, e.g., the 
Henderson equation axe not satisfactory for results of high precision. 

Irreproducibiutv of Mbasuee3ssnts. The large effisct of the state of 
the electrode surface, often stressed as a factor governing the potential associ- 
ated with an irreversible electrode process, is generally contrasted with the orngTi 
effect of this factor on reversible electrode potentials, A detailed ATOminatip p 
^ the literature does not support this contention. Effects of surface character- 
istics on reversible electrode potentials are probably partly due to the different 
degre^ of mechan^ stram in the metal Induced different modes of pre- 
paration. Impurities, particularly occluded gases, present in varying quantities, 
may have a considerable effect on the elective potential by introdudng other 
reactions at the electrode-solution interface. Lack of complete revmribility 
of the electrode reaction may also cause irreproducible measurements. 
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TABLE I. 




»„ (Volt*). 



Electrode Reaction. 

± 1 1 
mv. 

A. 

± I 

cv. 

B. 

±?v. 

C. 

Notea. 

Ref. 

tN. + e^iNV 



- 3-3 

Calc. Exptl. values 
IrF^rodncible ; elec* 
trade leactian imveis* 
ible (13, 90) 

13, 89 

Li+ + e^iLi 


—3*01 


Exptl. and calc, values 
somevbat diaciepant. 
Mean value given; see 
also 33 

3 r 3 

Rb+ + Rb 


-3-98 

1 

1 

Fair agreement of 
independent deter* 
minations ; but see 33 

3, 5 (calc.) ; 

3 (eaqptl.) 

Ci"^ + e^Cf 


— a-ga 


Calc, and exptl. values 

1 agree; but see also 
3 i 33 

34 (calc.) 

33 (sxptL) 

K’’ + e ^ K 

““ 

—3-93 

“ 

Good concordance of 
results ; but see 33 

a, 3 (calc.) 

3. 36 (exptl.) 

Ba*+ + ae ^ Ba 


— a-ga 


Calc, value ; exptL value 
—3*15 from fused salts 
measurement (33) 

=1 37 , 33 

Sr*++ aeipiSr 


—3*89 


Calo. value ; exptl. 
value —3*86 (38), but 
see 33 

*, 37 , 38 

Ca*+ + ae^ Ca 


“*•8+ 


Calc, value ; exptl. 
values —1*90 (33) to 
-3*76 ( 39 ) 

2, 37 

Ka+ + Na 

-3.713 

— 

— 

— 

2, 3 , 4 , 5 , 8 

La*+ + se^ La 



- 3-4 

Calc, and exptl. values 
very discrepant ; see 
see also (91) 

3 

Mg*+ + ae^ Mg 


- 3 - 3 S 

1 


See also 2, 341 38, 41 
for other calc, values ; 
see also 43 and 43 for 
discrepant exptl. 
values 

40 

Th*+ + 4eviTb 

— 


— 3 -X 

Calc, value 

3 

Tl»*+ ae^Tl 

— 

— 

- 1-75 

Calc, value j 

2 

BUO*++aH+ + 4«4^Kf+H^ 

— 

— 

- 1-7 

Calc, value 

2 

Be**' + ae^Be 


-1-70 


Calc, value ; exptl. 
values, — i*i to — 1*9 

(84. 83) 

a, S3 

AP++ 3 «^A 1 

1 

i 

-1-66 


Mean of tsra calo. 
values; exptl. values 
\’ery doubtful, see 43 
and 46 

34 , 44 

2W)»++3H++4e i?a Zr+H ,0 

— 

— 

- 1-3 

Calc, values 

2 

V»t + aei^V 

— 

— 

- 1-5 

Calc, values (±0*3) 

3 

\ro/-+4lV>+«e?i^H-H-W 

“ 

~ 

— Z’l 

Calc, from est. value 
of entropy of 

3 

Mn*** + te^Mn 

— 

— 

— 1'03 

Calc, values 

2. 92 , 93 

Te + ae Te*- 



— o-ga 

Calc, vahie ; second 
diasocintion const, of 
HgTe not available ; 
exptl. value, —0*84 {94) 

13,73 

U<V>'+4H++Se^ U+aOaH 

_ 


—0.83 ' 

Calc, entropy of ion 

TTnft^rtnfn 

3 

Se+ 3«aASe^ 


—078 


Calc, values (inde- 
pendent data) 

13,47 
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TABLE 1 {coftiiHUtd). 



1 -0 <Volta). 



Electrode Reaction. 

B 

± I 

ev. 

B. 

i 

Xotea. 

Ref. 

Zn*-+2e^Za 

- 0*763 


■ 


7, 8, 9, xo, IX 

H,BO,+3H++3e^ SH^O+B 

— 

— 

- 0*73 

Calc, valna 

2 

Ci*” + se^Cr 

— 

— 

— 0*71 

Calc, value 

2 

SbOj” + 3 H| 0 + 30^ Sb + 4OH" 

— 

-0-67 

— 

Calc, and exptl. values 

76, 77 

Ga*^ -r se^Ge 

— 

- 0-32 

— 

Exptl. value 

48 

S + aes^S*- 


-0-31 


Calc, values based on 
thermal data for ; 

agree with Ag { Ag^S | 
H|S electrode measure- 
ments ; see also 31, sa 

49. 30 

Fe*^ J- 3 e?^Fe 

— 

- 0-44 

— 

Exptl. values 

X 3 i S 3 i 54 > 33 

Cds+ + aCrsiCd 

— 0 'A 03 

— 

— 

— 

3. ix> rx 

In®* — 3®^ In 

— 

- 0-34 

— 

Exptl. values 

56,57 

n-J- e5=:Tl 

- 0-333 

— 

— 

— 

I 3 > 14 . 33 

Co*“ -r 3C ^ Co 

— 

-0-27 

— 

ExpG. values 

58, 39, 60 

Xi*“ T ae^ Ki 


- 0-33 

— 

See also 14, 63, for 
data in presence of H, 

6x, 63 

Mo*^ + 30?^ Mo 

“ 


-0*2 

Calc. , mainly from 
estimated data 

2 

&*•*■ + ac Sn 

— 0-140 




X3 (corrected by the 
value of Sg for 
Fbgiveabete),i6 

Pb»++ ae?apb 

—0*126 

— 

— 

— 

16, z7 x8, 19, 30, 31 

!>■+ e 5 *iD, 


—0*003 

— 

Exptl. value 

63 

HAiOj+ 3H ++ 30 ^ A»+ aHp 

1 

O-aS 


Calc, from exptl. s.u.r. 

valnea of reaction 
Aafi,+3H^2A3+3afi 

3 

BiO++ aH-^ + se-f* Bi + 


0*33 

— 

ExpG. values 

66, 67 

Cn*+ + ae ^ Cu 


0-34 

— 

Exptl. values 

68,69,70, 71,72, 73 

iO^ + H^O + ae?* aOH- 

0*401 

— 

— 

Calc, values 

78, 79, 80, 8x, 83 

Ca+ + Cu 


0-33 

— 

Calc, from eqniL, 

Cn + Cu*"*- ?* aCu^ 

zx6 

I, + aeif* al- 

o*S 3 fi 

— 

— 

— 

I3> xa, 33 

TB^^ + 4e^Te 

■ 

0-36 

— 

Calc, and exptl. 
values 

74 . 73 

Po*+ + 30?* Po 

■ 


0*36 

Various exptl. data 
discrepant 

95.96 

Ri^-i- 30 ?* Rh 

B 


0*6 

Calc, value; no know- 
ledge of free energies 
of Kdution of oxides 

a 

Hga** + 30 ?* aHg 

0-798 

— 

— 

— 

13 . X 4 

Ag++ 0?*Ag 

0*799 

— 

— 

— 

13. X 5 . 36 

Pd*+ + 30 ?* Pd 


“* 

0*83 

ExptL value ; see also 
97 

i 99 

Ir*T + 30?* Ir 

— 

— 

1*0 

Calc, value 

1 2 

+ 30 ?* aBr- 

x*o66 

— 


— 

37, a8 

Pt?^ + 20?* Pt 



B 

Calc, from data (XL 
Pt(OH),+aHT -1- ae?* 
Pt+ aH ,0 

1 » 

1 

Clj + 30 ?* aCl" 

1*338 

— 


— 

X 3 , 39 . 30, 31, 3 * 

Au?+ + 30?* An 

■ 

_ 

1-43 j 
i 1 

Calc. faomx.ic.F. 
data (100, 101) 

2 

An-' + 0?*Aii 

1 

1 

i 

B 

Calc, assuming the 
solnbility of Aul to 
be analfigons to 
that of CnI and Agl 

2 

Fj + ae?* aF^ 

B 

2*83 

B 

Calc., calc, and exptL 
vahus discrepant (8x, 88} 

86 
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Irreversibility or Electrode Keaction. Incomplete reversibility of the 
electrode processes at the metal-solution interface during the determination of 
electrode potential vitiate the applicability of the thermodynamic expressions. 
Evidence of irreversibility of electrode processes is hence of great importance. 
This may be summarised : 

(i| fluctuations occur in the electromotive force of the relevant cell ; 

(ii) apparentiy identical electrodes under the same conditions in the same 
solution do not exhibit the same potentials ; 

(iii) changes of electromotive force of the cell occur on agitation of the 
solution ; 

(iv) variation of the electrode potential with changing values of does 
not conform with values given by (3) and (4) ; 

(v) a rapid return to the potential of ihe resting electrode does not occur 
after passage of current through the electrode for a short time. 

Solvation Energies. Finally, discrepancies arising in certain calculated 
values of standard electrode potentials arise partly fiom lack of knowledge 
concerning the distribution of the solvation energy between the positive and 
negative ions of the relevant salt. 

Arrangement of Values of Standard Electrode Potentials. — ^The agree- 
ment between the results of independent work is relatively poor, except for some 
of the softer metals where concordance of about i mv. is found among several 
independent determinations. For many elements, much larger discrepancies 
occur due partly to the difficulties of d^nnination described above, but more 
frequentiy to la^ of relevant data which makes for the accurate evaluatiou of So> 
On this account, the present collection distinguishes three classes of values. 

In Table I, Column A refers to those elements for which there are apparently 
reliable independent data, concordant to within about 1 mv., which lead to an 
evaluation of the standard electrode potential. 

Column B refers to those element for which insufficiently reliable data are 
available for an accurate evaluation of the standard elective potential. In 
this case, the most accurate results in the literature concerning the standard 
electrode potential are given with explanatory notes. The concoidance between 
independent determiuations is of the order of i cv. 

Cblnmn C refers to those electrode potentials the values of which are of 
an extreme^ provisional nature. 

Table II refers to the standard electrode potentials of some well-known 
half-cells, the values given being of an accuracy comparable with that of the 
values in Table A. 

TABLE II, — Standard Potentials or some well-known Half-cells. 


Electrode. 

H (Vdt). 

Ref. 

Pb(Hg)-PbS 04 . SOI' 



-0351 

II4. II5 

Ag-Agi . r . 



—0-152 

102 

Ag-AgBr . Br' 



0-071 

98, 103, 104, 105, lOO 

Hg-HgO . OH' 



0-098 

107, loS 

Hg— Hg,Br, . Br' . 



0-140 

109 

Ag— AgCl . a' . 



0-222 

98, no. III 

Hg-Hg,a,.a' . 



0-268 

II 3 . 113 

Hg-Hg,S04 . so;' 



0-615 

98 

Pt-PbO, . PbSO* . so;' . 

• 


1-685 

“5 


^ Pleskov, Uspekhi. Kkim., 1947, 16, S54. 

* Latimer, Oxidation Potentials (New York, 1938). 

* Lewis, et al., J. Amer. Chem. Soc., 1913. 35 ? 34® • 1910. 3 *? 1659 

1912, 34. 1 19 : 1915. 37. 1990. 

* Taylor, J. Res. Nat. Bur. Stand., 1940, 35, 731. 

* Gapon, J. Physic. Chem. {Russ.), 1946, 30, 1209. 

* Mischalek and Phipps, J. Chem. Ed., 1928, 5, 197. 

Bates, J. Amer. Chem. Soc., 1938, 60, 2983. 

* Stokes and Stokes, Trans. Faraday Soc., 1945. 4^. 885. 

* Robinson and Stokes, ibid., 1940, 36, 740. 

Farton and Mitchell, ibid., 1939, 35. 758. 
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Shra^pder, Cowperthwaite and La Mer, J. Amer. Ghent. Soc., 1934, 5^* 

3348. 

1* Hamed and Fitzgerald, J. Amer. Chem. Soe., 1936, 58, 3624. 

13 Lewis and Randall, Thermodynamics and the Free Energy of Chemical 
Substances (New York, 1923)- 

1* Gerke, Chem. Rev., 1924. *» 377- 
16 Brouty, Compt. rend., 1942, 214, 258. 

!• Haring and White, Trans. Elecirochem. Soc., 1938, 73, 211. 

” Gerke, J. Amer. Chem. Soc., 1922, 44, 1684. 

18 Carmody, tbid., 1929, 51, 5908. 

18 Randall and Carr, ibid., 1930, 5a, 5S9. 
aoLingane, tbtd., 19381 do, 734. 

^1 Haring, Hatfield and Zapponi, Trans. Elecirochem. Soc., 1939, 75, 167. 
“Willard and Ning Kang Tang, J. Amer. Chem. Soc., 1937, 59* 1188. 

88 Jones and Kaplan, tbid., 1928, 50, 2066. 

8 * Bray and Hershing, ibid., 1934. Sd, 1893. 

=1 Owen and Brinkley, ibid., 1938, do, 2233. 

88 Cblonpek and DaneS, Coll. Csech. Chem. Comm., 1932, 4, 124. 

»» Lewis and Stork, J. Amer. Chem. Soc., 1917, 39, 2544. 

38 Jones and Bftckatrom, tbid., 1934, Sd, 1524* 

88 Lewis and Rupert, ibid., 1911, 33, 299. 

8® Gerke, ibid., 1922, 44, 16S4. 

81 Kameyama, Yammoto and Oka, J. Soc. Chem. Ind. Japan, 1926, 29, 679 
83 Randall and Young, J. Amer. Chem. Soc., 1928, 50, 989- 
8* Xeumann and Richter, Z. Elehtrochem., 1925, 31, 287. 

88 Makishima, ibid., I 935 i 4^t ^ 97 - 
Bent, Forbes and Forziatti, J. Amer. Chem. Soc., 1939, dl, 709. 

88 Crenshaw, ibid., 1934, 5d« 2525. 

88 Latimer, Schutz and Hicks, J. Physic. Chem., 1934, 82. 

88 Devoto, Z. Elehtrochem., 1928, 34, 19. 

88 Tarvel, J. Physic. Chem., 1924. aiS, 502. 

8“ Coates, J, Chem. Soc., 1945, 478. 

"Latimer, J. Physic. Chem., 1927, 31, 1267. 

« Smits, Z. Elehtrochem., 1924, 30, 223. 

88 Bouchet, Compt. rend,, 1929, 188, 1237. 

"Latimer and Greensfelder, J. Amer, Chem. Soc., 1928, 50, 2202. 

88 Smits and Gerding, Z. Etehtrochem.. 1923, 31, 304. 

88 Gerding, Z. physih. Chem. A, 1930, 151, 190. 

88 Karsonowsky, Z. anorg. Chem., 1923, 1^, 33. 

88 Bergkampf, Z. Elehtrochem., 1932, 38, 847. 

88 Kimura, Bull. Inst. Phys. Chem. Res. Tokyo, 1935, 14, 94. 

8® No3re8 and Freed, J. Amer. Chem. Soc., 1920, 42, 476. 

81 Watanahd, Bull. Inst. Phys. Chem. Res. Tokyo, 1929, 8, 978. 

*8 Watanabd, Rep. Tohohu Imp. Umv, (i), 1933, 22, 902. 

88 Lewis and Frandsen, J. Amer. Chem. Soc., 1932, 54, 47. 

88 Hampton, J. Physic. Chem., 1926, 30, 980, 

8* Richards and Richards, J. Amer. Chmi. Soc., 1924, 40, 89. 

8* Hatton and de Vries, ibid,, 1936, 58, 2126. 

8' Hakomari, J. Amer. Chem. Sac., 1930, 52, 2372. 

88 Hermann and Jellinek, Z. physik. Chem. A, 1932, 160, 34. 

8* Haring and Westfall, Trans. Elecirochem. Soc., 1934, ds, 233. 

8® Schieldbach, Z. Elehtrochem., igio, 16, 967. 

*1 Haring and van den Bosche, J. Physic. Chem., 1929, 33, 161. 

•8 Colomibier, Compt. rend., 1934, ^-99, 273, 408. 

“ Murata, BuU. Chem. Soc. Jap., 1928, 3, 57. 

•8 Forester, Goes. Chim. Ital., 1940, 70, 349. 

88 Abel, Brato and Redli<di, Z. physik. Chem. A, 1935, 173, 353. 

88 Smith, J. Amer. Chem. Soc., 1923, 45, 360. 

!! ^923. 46* 371* 

*8 Lewis and Lacy, ibid., 1914, 3d, 804. 

8® MttUer and Reuther, Z. ^ehirochem., 1941, 47, 640. 

1® Mftller and Reuther, ibid., 1942, 48, 68a. 

" Quintin, J. Chim. Physique, 1938, 35, 300. 

^8 Nielson and Brown. J. Amer. Ch^. Soc., 1927, 49, 2423. 

” Burian, Z. ElektroiMm.. 1931, 37, 238. 

®8 Getman, Trans. Elecirochem. Soc., 1933, d4, 201. 

Karsonowsky, Z. anorg. Chem., 1923, 128, 17. 
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THE LABILE MOLECULE 

A GENERAL DISCUSSION HELD ON 
23rd, 24th and 25th SEPTEMBER, 1947. 


A General Discussion on The Labile Molecule -was held in the Physical 
Chemistry Laboratory at the Uni\'ersity of Oxford (by kind permission 
of Prof, C. N. Hmshelwood, F.R.S.) on the 23rd, 24th and 25th September, 
1947. The President, Prof. W. E. Gamer, C.B.E., F.R.S., was in the 
Chair and about 230 members and visitors were present. 

Among the distinguished overseas members and guests welcomed by 
the President, were the following : — 

Prof. T. Alfrey (Brooklyn), Dr. and Madame Daudel (Paris), 
Dr. P. Gkildfinger (Nancy), Mr. P. ten Have (Delft), Prof, and M ada me 
J. C. Jungers (Louvain), Mile. J. Lacau (Paris), Dr. M. Magat (Paris), 
Dr. I. Mallah (Paris), Dr. F. Mayo (Passaic, N.J.), Dr. K. Nozalri 
(Emeryville, Cal.), Prof. C. C. Price (Notre Dame, Ind.), Dr. R. E. 
Robertson (Ottawa), Dr. P. Rumpf (Paris), Dr. G. Salomon (Delft), 
Dr. J. van Santen (Eindhoven), Dr. E, W. R. Steacie (Ottawa), 
Dr. C. E. Sunderlin (U.S.N., London), Dr. A. van Tiggelen (Ixiuvain), 
Dr. A. V. Tobolsky (Princeton), Dr. J. G. ^'an Veersen (Delft), Dr. 
C. Walling (Passaic, N.J.), and Dr. K. Wieland (Zurich). 

The papers had been issued in Advance Proof; these, and reports 
of the Discussion, are published iu the present volume ; they have been 
arranged under the following headings ; — 

I. Theoretical, 
n. Gas Phase. 

HI. Liquid Phase : 

A. Electron-transfer Reactions. 

B. Hydrocarbons in Solution. 

C. Oxidation-reductioa Reactions. 

D. £:q)eriinental Technique. 

D'. Polymerisations ; 

A. Reactions of Radicals and Monomers : 

(a) Initiation; (d) Propagation. 

B. Chain transfer and Inhibitioii. 

C. Degradation. 



THE LABILE MOLECULE 

INTRODUCTORY ADDRESS. 

By H. W. MEL^^LLE. 

It is Tisnally the custom, of the Faraday Society to select a limited topic 
for its discnssioiis in order that a developing subject may be subjected to 
critical discussion and appraisal. On this' occasion the same general point 
of view has been taken but, in addition, an attempt has been made to 
achieve a synthesis of a number of branches of chemistay which had hitherto 
been rather far apart and whose devdopment now has reached a stage 
at which they may prohtably be discussed together. It happens, therefore, 
that the field of (^emical khietics acts as a kind of binding force between 
the extremes of the application of wave-mechanical calculations to the 
energies of free radicals and of the investigation of reacti\'ity in compara- 
tively complex organic reactions ; Ihe kind of bond that welds the subject 
into a coherent whole is the behaviour of free radicals. Many years ago 
the Society held a discussion on free radicals at a time when existence 
of simple free radicals in the gas phase had been established and some of 
the implications of gas-phase free-radical chemistry revealed. Much has 
happened since that date and it i.vas consequently felt that a new stage 
had now been reached which merited discussion, the main emphasis being 
not so much on the discovery of new radicals but the quantitative formula- 
tion of the multiplicity of reactions that such radicals may undergo with 
other molecules and radicals. As will be seen from the discussion, the 
quantitative significance becomes paramount because the absolute m^- 
uitude of the vdocity coefficients determines in the end the observed overall 
characteristics of the total reaction. 

Ihe hitherto separate parts of the discussion have originated in diverse 
ways and it may therefore be worthwhile to try and show where the threads 
of the story start so that their evmtual intertwiiung may more readily 
be appreciated. However, the systematic advances in chmnical kinetics 
have played the dominant role in developing free-radical chemistry to its 
present ffiirly hi^ level of precision. During the early part of the present 
century the pioneering work of Bodenstein and others on both the thermal 
and photochemical reactions of the halogens demonstrated that free halogen 
atoms were certainly the active entities whereby reaction was induced 
among normal stable molecules. This recognition of their h^h reacti\'ity 
then led to further investigation of methods of the production, isolation 
and of following the reactions of fiee hydrogen, oxygen and other atoms. 
In this way a kinetics of free-atom chemistry was rapiffiy built up alongside 
the more formal dev^opment of chemical kinetics. At about this period 
one of the main topics of kinetics was to establi^ a relationship between 
velocity coefficients and energy of acti\’ation no matter the identity of 
the rioting particles. It proved most convenient to study mole^e- 
molecule interactions, that is to say, reactions in which nothing emerged 
from the act at chemical transformation that would have any further 
influence on the system. Although the study of such cases revealed 
certain important generalisations r^;arding r^u±ivity, farther investigatiim 
dbowed tl^ aimpk bimolecolar interactions were xardy encountered in 
the ordinary course of events and that as experience grew the importance 
of chain processes became more and more apparent. Here there came a 
conflict of viewpoint. 'While kinetic analysis was sufficiently powerful 
to specif dearty what collision types comprised the whole reaction it 
was really impossible exc^ in very simple cases, to identify the nature 
of the active partidee— indi^ the idea of '* hot molecul e s was frequently 
postulated when tree atoms or radicals could not be made to conffiim to 
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kinetic requirements. But that state of affairs was more due to a lack of 
knowledge of the behax-iour of radicals than to a desire to invent im- 
probable h^'pothetical molecular entities as chain carriers. All the ex- 
tensive work on oxidations, both stable and explosive, and especiall3’^ the 
effects associated with surfaces and the presence of inert gas showed very 
clearly that the chain carriers had a life characteristic of free atoms or 
radicals and that electronically excited molecules, except special meta- 
stable molecules, could not possibly behave in the way required of the 
kinetics. Generally speaking, ther^ore, a more exact knowledge of radical 
chemistry, obtained by new and independent methods, will undoubtedly 
clear up many matters which have had to be left unsettled since kinetic 
analysis had reached a limit. 

Another line which is complementary to the kinetic approach and one 
of the independent methods so necessary to support the purely kinetic 
evidence is the spectral examination of the radical emission in flames. 
It is known that there is a very close relationship between the kinetics 
of reactions at the explosion limit and outside it in the stable region, but 
it is mifortunately by no means certain that the emitting radicals in a 
flame are necessarily the chain carriers imder explosive conditions and 
also under stable conditions. The difficulty is l^t under stable con- 
ditions, radical concentrations are inevitalfly so small that detection, 
even by absorption methods, has not proved so ffir a practicable proposition. 
This is a mo^ unfortunate matter because a knowledge of the actual 
stationary concentration might be obteined if ihe method were sufficiently 
sensitive. In ffict it is the lack of knowledge about that concentration 
that certainly holds up progress completely in this field. 

It is perhaps curious that the study of oxidation in the liquid phase 
has lain dormant for such a long interval. The initial work on aldehjrdes 
and aqueous sulphite laid the foundations of the theory of thermal cham 
reactions. Prol^bly the matter was not followed up for the simple reason 
that matters appeared to be so complex in the gas phase that the addi- 
tional troubles encountered in working in a condensed system would pre- 
clude any significant progress being made. Work in recent years, however, 
has tended to show that these complications are not so formidable as was 
once thought to be the case provid^ certain precautions are taken. The 
first main difficulty is to choose a S 3 r 5 tem in which the oxidation does not 
go too far and in which, as far as possible, only a single end product is 
produced. Here the work of organic chemists has been of especial value 
for suitable reactions for kinetic study have been isolated as, for example, 
in the oxidation of h3rdrocarbons, unsaturated esters, and of polymers 
such as pol3risopreue to hydroperoxides which are sufficiently stable not 
to decompose further into complicated products. In such cases it would 
appear ttut the two essential steps in the reaction are 

R— -f- Oj RO^— • 

RO, 4 - RH -► RO,H + R— 

where R — is a radical produced by the radical dehydrogenation of the 
oxganic compound und^oing oxidation. Further, it seems that the 
secxmd is the slower st^ in the process. What is not quite so well estab- 
lisihed is how the RO,| — radic^ disappears — the kinetics in many cases 
reveal differences whi^ do not lead to an unequivocal answer on this 
point, but this is a matter which can ultimately be settled by sufficient 
experiments. But there is not yet any well-defined opinion as to how the 
radical is generated in the first place althou^ if hydroperoxide accumulates, 
its thermal or photodeoomposition will certainly provide a source of 
radicals. In jffiotochmnical reactions, e.g. witii ^deh3^es and some 
hydrocarbons, radiation might lead to the fission of the molecule with 
the production of radicals or it might facilitate primary attack by oxygen 
itseil Although it is easy conveniently to forget this stage it is absolitMy 
vital for the whole analysis. 
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The fate of the peroxides is of great importance for it may turn out 
that their decomposition, also proceeds by a chain process independently 
of, but wth a ^^tal mfluence on, the oxidation itself. The complicated 
manner in which many of these peroxides decompose makes it difficult 
in most cases to subject such reactions to a close kinetic study. It is 
to be hoped that the knowledge gained in the investigation of liquid phase 
oxidations at low temperatures may ha\'e its bearing on gas phase oxidations 
especially with a \‘iew to disco\'ering w'hat kinds of radicals participate 
and how they are generated and disappear. 

The study of oxidation reactions provides another opportunity for 
learning abrnut the behaviour of radicals towards other molecules. A great 
^ anetj' of substance.s either strongly inhibit or retard oxidations. If the 
latter phenomenon occurs, there is a crimpetition between the substance 
being oxidised and the retarder for the ROO-radical. Consequently it 
at once becomes possible to get a measure of the relatix-e velocity co- 
efficients for radical-molecule mter<u:tions. Furthermore, if some day it 
becomes practicable to measure the stationary concentration of the radical 
— and that in principle is po.^ible — the abkilute ^*alues of the velocity 
coefficients may then be calculated. The problem still remains of measur- 
ing the velocit\' with w'hich the radical takes up oxygen and although this 
is probably a very fast reaction it is of importance to devise some method 
of performing this task. 

Maybe the biggest recent devel>ipment in free-radical chemistry has 
occurr^ in the study of ethylemc polymerifratioa at room temperatures 
and higher. It has taken .Mime httle time to establish quite conclusively 
that f^ radicals are the mtermediates but there now seems no other 
possibility. The most comincing evidence comes from the fact that the 
introduc^n of radicals m the gas or liquid phase at once leads to polymer- 
isation and that the kinetics of polymerisation are in general similar to 
those in which peroxides, radiation and heat, are used to start off mole- 
cular growth. The nature of the radical is therefore not in doubt. More- 
over the variety of efiects that can be observed in polymerisation is such 
that it may turn out that this will become one of the mo^ useful techniques 
lor the study of radical reaction. In polymerisation reactions the funda- 
mental step is the interaction of a rsuiii^ with a double bond to yield 

a larger radical, namely R CHsCHX = R . CHs . CHX — It is 

only very recently that it has become possible to measure the velocity 
coefficient of the reaction but it should not be loi^ beffiie a suffici^t \'ariety 
of sj'stems has been investigated to get a genei^ idea of the factors that 
govern the magnitude of the coefficient. Already by a study of inter- 
pQl}mierisation some light has been thrown on the ehect of the nature of 
X on reactivity'. It is, howev'er, quite clear that the magnitude of the 
coefficient will be a function of the nature of the attached radical as w’ell 
as the nature of X. ^^llile in polymerisation the radical R — win be 
derived from the monomer itself, it is also of importance to d&vise methods 
of measuring the velocity of the interaction of a great variety of radicals 
with ethylenic compounds. The beginnings of this part of work are 
recorded m some of the papers presmited below. The data here will pro- 
vide the theoretical worker wnth the material he needs to see to what extent 
it is practicable (a) to calculate the potential reaedrity' of radical as a 
function of its structure and therefore energy content and [b) the efiect 
of X on reactivity* with the additional interesting correlation of the effect 
of similar substituents on the effect of reactivity of positions in the benzrae 
rit^ and amilaT phenennena. Sufficiently accurate work wiU enable both 
the energy and eaxtropy factors to be diskitangled and then it becomes of 
espec^ soapoxtance to see how size of a polymer radical affects its 
xeactivxty. In accordance with expectation such effects are not large 
if the radical is big enough but so ikr there is no evidence about the 
havicnir of velocity coefficients in the initial stages of growth of the polymer. 
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Just as oxidation reactions are retarded or sometimes completely 
suppressed, so may polymensation reactions be similarlt* afiect^ but 
not necessarily by the same agents. The same general mechanism is, 
however, involved because a radical has to be destroyed or inactivated. 
Except if the inhibitor is a free radical itself and cases of this are known, 
e.g. Ph^, PhjC . CN in the polymerisation of acrid acetate (McLaren, 
unpubl^ed experiments) a radical cannot be destroyed and therefore it 
must be presumed that the inhibition process involves the production of 
another kind of radical which is so unreactive that it cannot take any 
farther essential part in the reaction. Normally this would occur by the 
removal of an atom from the inhibitor molecule, the radical so produced 
being incapable of continuing reaction. On the other hand, if the in- 
hibitor molecule is unsaturat^ it may add on to the pohuner chain, the 
new radical being incapable of adding on further molecules of monomer. 
There must, however, a continuous gradation in the reactivity of radicals 
and the dear-cut disdnction made above will only hold in extreme cases. 
If, for example, inhibition involves bodily removal of an atom and the re- 
sultant radical does react then the phenomenon of transfer appears, the 
result not only being a reduction in the molecular weight of the polymer 
but also a diminution in rate. In the case of the unsaturated inhibitor, 
copol^unerisation will occur if the radical does have a tendency to react 
with monomer. Again going to tt^ other extreme the reta^er may 
completely sux>press reaction. Ihe general mechanism of such inhibition 
must mean in the case of unsaturai^ molecule the rapid addition of two 
radicals before the chain process has had time to operate, and with saturated 
molecules, the rapid interaction of the radical produced from the in- 
hibitor with chain starting radicals. In this field much more exact 
chemical data are required regarding the nature of tiie products for it is 
only in this way that the chemistry, apart from the kinetics, of these 
reactions can be fully worked out. 

One of the biggest barriers in quantitati\’e free-radical chemistry is 
the precise determination of the manner in which radicals disappear by 
mutual interaction. Kinetically it is usually simple to determine whether 
or not this process operates for a rate dej^dency involiing the square 
root catalyst concentration or light intensity usually provides the due. 
There is, howe\-er, practically no information about how often such pro- 
cesses occur in the gas or liquid ^fiiases. It is not even known with 
certainty whether <frsproportioiiation or combination occurs, whether 
energy of acti'V’ation is required and what is the magnitude of the entropy 
term. In tree-atom reactions at any rate in the gas phase, matters are 
rdativdy simple — •three-body ox combination — but with complex 

radicals it is most unlikely that the simple generalisation applicable to 
atoms will ever hold even w^ small hydro^l^ radicals. It is fortunate 
that a number of methods are available fox determining the rate of pro- 
duction of radicals — ^but each needs to he used with a gD<^ deal of caution. 
The present methods depend usually on the measurement of kinetic 
chain length. This is most readily accomplished by measuring the rate 
of consumption of retarder in a wi^-retarded reaction — or sometimes by 
measuring the length of an induction period during whidi a strong in- 
hibitor is being remm-ed. The quantum yield in a photochemical reaction 
might likewise be used but the di£5.calty here is being certain that ^ich 
quantum of absorbed radiation starts oS a chain. Experience shows 
such an assumption cannot necessarily be made. In polymeiisa- 
tions fortunately there is another metiiod b^use if there is no transfer 
the number avera^ chain length of the polymer will give the kinetic 
chain length. there may be minor complications because of the 

uncertainty regar^g dispxoporticmation or combination of the radicals. 
Similarly the rate of detoxoi^sition of peroxides, azo compounds, etc., 
may give the rate of interaction of radirals with monomer or oxygen in 
an oxidation leactkm but once again spedal attention to be paid to 
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tlie possibility that each radical may not necessarily start ofi a chain, 
espedally if iiat radical is not too reactive. 

I^e other importaat quantily is the concentration of radicals attained 
during the stationary state condition or better still under any conditions. 
It is true that a number of methods exists for the determination of the 
concentration of radicals, e.g. by measurement of paramagnetism, optical 
properties, etc. These methods unfortunately only are of use if the con- 
centration of radicals is high, e.g. io~” moles/L, which concentrations may 
be reached with radicals of the liipheayl methyl type. The important fact 
is that such, radicals are in gen^nl so unreactive that they are of little 
interest in connection with oxidation or pol3aneirisation processes. In these 
latto: reactions the concentrations are more likely to he in the range 
io“’'io''^" moles /I. The direct physical methods of measurement simply 
cannot reach the^ magnitudes, far less make accurate measurements in a 
limited period of time, e.g. io~* sec. The problem may, however, be solved 
by determining the average life of the radical far, with a knowledge of 
the rate of pr^uction of radicals, this will give an accurate measure of 
the conoent^tion. For this purpose only photochemical method of 
starting can be used since it is so readily conirollable. If intermittent 
radiation is employed the rate of reaction is a function of the period of 
iutermittency provided the radicals disappear two at a time. Mechanical 
methods of giving iutermittent illumination are easy to use dorwnto 
sec. In some polymerisation reactions the life of the radicals is 
sometimes so long that it is merely necessary to observe the rate of 
decrease of reaction velocity with time, after the light is switched aS, to 
compute the life of the radicals. Although this method might appear 
to hie restricted in its scope because of the fact that radiation may not in 
fact initiate reaction, it is usually possible to add a photosensitiser and 
often the most convenient sensitiser for oxidation and polymerisation 
are peroxides, which seem to act in the same way wheth^ their decom- 
position is brought about thermally or by radiation. Much of the work 
done on the photochemistry of simple organic compounds, for example 
ketones, is psGrticularly relevant here since a radical mechanism for de- 
composition is in most cases a well-established fact There is still need 
for much progress to be made here i£ the quantitative aspect of the subject 
is to advance. On the other hand there is sometimes a natural ban^. 
As in all kinetic work it is desirable to choose those reactions which 
kineticaUy ate simplest so that analysis does not merely indicate the general 
sdtieme but enables one to compute coeffid^ts accurately. This highly 
desirable state of affairs is unforinnately unobtainable witii some systems 
but the range of conditions under which reactions may now be measui^ is so 
great that ^ kinetic difficulties ought to be capable of being surmounted. 

The aims of the present discusdon can therefore be set down very 
simply. These aie to study reactions in the gas and liquid phases whose 
mechanism is, by well-known methods, known to occur through the inter- 
mediary of radicals. The rate of radical production, Ihe mode of 
disappearance both naturally and in presence of added substances must 
be measured by quantitative methods. Such studies wiU therefore build 
up a chemistry of free radicals which may be used in two ways. It will 
enable us more precisely to predict and control the course of reactions not 
yet studied ; it wQl provide data for the fbimdation of theory of radical 
reactivity. There is, however, no need to wait till the experimentalist 
has established a body of data. Much of the present data is urgently 
in need oE interpretation on well-defined theoretic principles. 

Ciemisity DsparhHtnt, 

JUfarischi^ CoJhgs, 

Abet^daan. 
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INTRODUCTORY SURVEY— THE THEORY OF FREE 

RADICALS. 

By C. a. Coulson. 

Received ^oth October, 1947. 

The papers which are presented in this theoretical section of the 
Discussion show that although some considerable progress has been a(diieved 
in the 15 years during which attempts have been made to apply wave 
mechanics to a study of the properties and reactivity of free radicals, there 
is nevertheless only a restricted field in which reliable quantitative results 
have been obtained. This is not surprising when it is realised how many 
and diverse are the factors which govern the ultimate reactivity of any 
compound. 

The first paper, by m3rBelf (p. 91), is a review of such theoretical work 
as has already t^n published on the structure and reactivity of free radicals. 
In view of its nature it does not require any further comment here, except 
to draw attention to the table just before the end, where the nomendatum 
used by difierent workers is put together. This should be a convenience 
to those who are not familiar with the various techniques, and it should 
help to make more clear just what is meant by some of the other speakers 
in this part of the Discussion. 

The next paper, by Walsh (p. z 8 ). stands alone, but it comes in natural 
sequence to a good of theoretical work in the last few years. For it 
is now recognised that carbon forms bonds in which Ihe individual 
character of the atomic s and p orbits is lost, being merged in a mixed, 
or hybridised, type of orbit. It is this hybridisation that, for example, 
most distinguishes aliphatic and aromatic carbon. Even in one given 
molecule, if the groups attached to the carbon are not equivalent, the 
bonds will themsdves not be equivalent either. There is, in fad;, a 
continuous interplay between the proportions of r and p in each bond, main- 
taining, of course, constant grand totals of 5 and p. Now the space con- 
figuration of the bonds around the central atom is regulated by the amounts 
of 5 and p in the various bonds, so we have a link between the electro- 
negativity of the attached groups and the diape of the molecule. Walsh 
shows that this rdation leads one to believe that the methylene radical 
CHj has an angle in the region of 140** or 145** (as suggested by Herzberg). 
This makes the carbon atom in CHg rather lilm an e&ylenic carbon, and 
has considerable bearing on the energies of removal of successive hydrogens 
from CH4. 

The next two papers, by Daudel (p. 25) and Pullman (p. 26), cover 
somewhat similar ground. Dr. Daudd discusses the polyene chain radicals 
with an odd number of carbons, using the valence brad, or resonance, 
technique of Pauling. He calculates the bond orders and the free valences, 
getting excellent agreement with tiiose previously obtained by use of 
the altemative molecular-orbital treatment. In paj^cular the alternating 
double-eingle-double brad character of tiie even-numbered chains (e.g. 
butadiene =»— =) is much more smoothed out in the odd chains; but 
the free vEdences axe greater than in the even chains, and especially great 
at the ends. Madame Pullman extrads Daudel's work by indudiog more 
canonical structures in each radical ; and she also applies her ted^que 
to conju§^ted free radicals. For the particular cases of phenylmethyl 
biphenylmethyl she dtows that the free valence is Is^ely, though by 
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no means entirely, on the methyl carbon ; but as the number of phenyl 
or biphenyl groups around the central carl^n is increased the free -^ence 
on this carbon atom steadily diminishes. 

The next group consists of the x^pers by Szwarc, by Coulson, Craig, 
MaccoU and Pullman, and by De-vraz. Szwarc (p. 39), gives us two papers, 
though in efEect he discusses three somewhat relal^ topics. In the first, 
which is as much experimental as theoretical, he shows that the resonance 
enei^ of the benzyl radical is larger than anticipated, and gives some 
reasons why we might argue that the central single bond in dibenzyl 
was stronger than a normal ethane-type bond. Then he goes on to discuss 
triphenyl methyl. If the replacement of one hydrogen of CHj by a phenyl 
lea^ to considerable resonance energy, we might have expected, at first, 
that replacement of all three to give triphenyl methyl would have led to a 
very lai^ resonance enei^. In fact it is not so, and the resonance energy 
may ncrt be much difierent from that of benzyl, on account of steric 
hindrance preventing the three phenyl rings from being coplanar. In his 
second paper he shows that the meri-quinone molecule (^quinodimethane) 
obtained by replacing the two oxygens of ^>-quinone by CH, groups, is 
stable in the gas phase, but in the liquid pha^ it is very labile and rapidly 
polymerises. 

The discussion of ^-quinodimethane is also taken up by Coulson, 
Craig, Maccoll and Madame Pullman (p. 36). Both tire molecular- 
orbi^ and the valence-bond methods are applied in the conventional 
manner to calculate the resonance energies, free valences and bond orders 
both in the ground state (which is a singlet) and in the excited (triplet) 
state. This latter is the genuine di-rai^cal configuration, but, rather 
surprisingly, the free valences at the odd carbons are not much larger 
in the dbadical form than in the ground state. There is an interesting 
discrepancy between the two calculations of the energy necessary to excite 
the molecide into the triplet state. This suggests that in doling with 
these somewhat xmusual types of molecule, neith^ theory is yet completely 
satisfactory. 

The nmct paper in this group is by Dewar (p. 50). In the last three 
years Dewar and Walsh have been developing ^ id^ tiiat dative bonds 
may be formed by donation of an electron ^m a bond, or even from a 
wh^ group of bonds (as e.g. a benzene ring) as well as from an individual 
atom. Thus some of the organic complexes found experimentally may 
be the r^ult of interaction between the highly polarisable ir-electron 
shells, or clonds, of the aromatic molecule, eind the approaching cation 
(or anion). The electrons that bind the cation may therefore come from 
the whole aromatic molecule (e.g. benzene), rather than from any one 
atom of it. Here are the first e^licit calculations to substantiate this 
argument. As befits such early work, they are tentative, and full of 
approximations, and, in some cases, doubtful assumptions. But the 
principle behind them is clear enough. When the cation X+ comes up 
to one of these aromatics, the aromatic electrons have an extended freedom 
since their molecular orbits can now embrace one more nucleus than 
before. This increases the delocalisation energy, sometimes called reson- 
ance energy, though in this case the former title is much the better. It is 
precisely ^e ad^tional delocalisation energy that Dewar calculates. 
This appears to he greater when the approeiching group comes up towards 
the middle of a bcmd, so that it is under the simultaneous infiueuce of 
both aioms of the bond, than when it comes up towards one end of the 
bond and is efEectively xmder infiumice from only one atom. This is a 
most interesting paper with relevance to the whole theory of organic 
reactions ; we must hope that some of the approximations and assumptions 
now mhexmt in these calculations may be improved, to make the work 
more quantitathrdy valid. Some of the difficulties in sudh calculations are 
outiBned in the paper by Coulson and Dewar on page 54. 



THE THEORY OF THE STRUCTURE OF FREE 

RADICALS. 

By C. a. Coulson • 

Recewed i^th August, 1947. 

1. Introduction. 

This paper is intended to provide a review of such theoretical cal- 
culations as have been made by various authors both of the structure and 
reactivity of free radicals. It naturally divides itself into two halves ; 
the first half is concerned with alkyl or “ saturated radicals, the second 
half with conjugated or “ unsaturated ” ones. The distinction is im- 
portant because, as we shall see (§ 2), there are characteristic differences 
between the two types. In the published work concemiug the latter 
radicals there are several different ph3^cal and chemical quantities which 
have been introduced, sometimes under various names for the same 
quantity, according to the nature of the approximation used in setting 
up the molecular wave function. Some of these are exactly comparable, 
others nearly so. We have therefore thought it desirable to gather to- 
gether (§ 5) the various terminologies and symbols which different authors 
use (Table III). It is hoped that this table will save confusion, and help 
to ducidate the original research which forms the substance of almost £dl 
the remaining papers in this section of the Discussion. 

We conclude the present review with an indication of the chief dif- 
ficulties in current thwry, and a suggestion of those directions in which 
it seems most likely that future developments may be anticipated. 

2. Alkyl Radicals and Conjugated Radicals. 

The one really fundamental characteristic of a free radical is that there 
is one unpaired electron. Whereas all the other electrons are either in 
localised-pair bonds between two nuclei, or associated in pairs in mole- 
cular orbits extending over several nuclei, this one electron is unpaired 
and available for the formation of some incipient bond with another 
molecule or radical. Evidently the most significant chemical fact about 
the radical is the position of Ihis odd electron. It is precisely here that 
the distinction belween saturated and unsatmrated free radicals lies. For 
in an alkyl radical there is only one effective position for the odd electron ; 
in a conjugated one there may be several, leading to a reactivity which 
is ^read over the molecule rather than concentrated almost entirely in 
one place. 

I^e distinction we have just made is important when we consider 
molecules such as the phenyl radical C^Hs obtamed by removal of a hydro- 
gen atom from an aromatic molecule. The unpaired electron is here 
a <r-type electron which does not possess the characteristic mobile pro- 
perties of the v-electrons. That is to say, it is efiectively localised on 
the carbon atom from which the hydrogen was originally removed. In 
its capacity therejtore as a free radickl, such a molec^ must be expected 
to show the high localised reactivity i^ical of the alkyl radicals. 

However, there are occasions when such a radical does distribute its 
fiee valence more widely. We can illustrate this in terms of benzyl 
C,H5 . CH|-, which we may regard as being obtamed from toluene by 
removal of one of the methyl hy^gens. B^re removal the appropriate 
carbon electrcm was in a o-state, so that we might at first expe^ the 
free valence to be stxon^y localised. But when the hydrogen atom is 

* Now at King's College, London. 
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removed, the methyl carbon atom changes its hybridisation from tetra- 
hedral to trigonal, bringing the atoms of the CH, ^up into the plane 
of the ring. This converts the odd dectron from being a o-type electron 
to being a 7r-type electron, and allows it to share the mobile character 
of the other i^electrons. In this way the free valence is distributed. 
Also, by virtue of the ddocalisation, there is a gain in energy, so that the 
rascal becomes more stable. A situation very similar to this arises in 
all the free radicals of the triphenylmethyl ty^. What we have called 
conjugated radicals are precisely thc^ in which, by some means, the odd 
dfictam has a w-type orbit. 

We can illustrate the distinction between alkyl radicals with local- 
ised free valence, and conjugated ones with distributed valence, by 
comparing the ethyl radical CH« — CHg — and the aUyl radical 
CH,=CH — CH* — . In the ethyl radical we may write the structure 
(I) or any of the three equivalent structures (II). There are also ionic 
structures such as (til), but these are much less stable than (I) and (II) 
and need not be considered in a qualitative account. In (I) the free 
valence (^own by an asterisk *) is on the end carbon atom, in (II) it is on 
one of the hydrogens. But (I) is much more favoured energetically than 


H H 

H— J>-i* 

H H 

H H 
H— i*— t- 

i k 

H* i 

H+ Jl 

(I) 

(II) 

(III) 


(II), both because of the high energy of C — relative to the second bond 
in C<=C, and because the conditions of Tna-xiTmim overlapping of the 
paired orbits are not very favourable in (II). Consequently (I) pre- 
dominates, and we may say that the free v^ence (and hence the re- 
activity) largdy resides in end carbon atom. There is, however, a 
small chance of it being found on one of the hydrogens of the methyl 
group, which we may expect therefore to be a little more reactive than, 
for example, in ethane. We have here, in &ct, the basis of a theory 
for discussiag the relative ease of removal of different H atoms (not pro- 
tons), but no calculations of this kind appear to have been made. 

In the allyl radical, on the other himd, we may write the structures 
(TV) and (V), both of which are equally important ; in addition there are 

H H H* 



(IV) (V) rVT) 


other ionic structures which are less important. In first approximation, 
therefore, both carbon atoms and C, share the free valence, so that the 
reactivity is now spread over the molecule. One must be careful, how- 
ever, when writing down some api^ently possible structures : the existence 
of (VI), for example, would appear to make the central hydrogen more 
lab^ than the others. But in foct it can hardly contribute at all, because 
the configuration of the end methylene groups as imposed by (IV) and 
(V) makes the formation of two double bonds from the central carbon 
almost impossible.* 

The of resonance represented by mteiaction between (1) and (II) 
seems £i^ to have been mentioned by Whdand.^ Since the central 
C — C bond is somewhat strengthened at the expense of some of the C — 

* In order to get two double bonds from a carbon atom, Ihe ihzee nuclei 
involved should be coUinear, as in allme, and the two CH| groups would need 
to be in peipendioulax |danes, and not, as here, in Ihe same plane. 

* J. Chem. Physics, 1937, 479* 
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bonds, the situation bears considerable resemblance to the phenomenon 
of hyperconjugation discussed by MuUiken, Hieke and Brown." Cal- 
culations of the resonance energy for various saturated free radicals (as 
well as for their positive and negative ions) have been made by Baughan, 
Evans and Polanyi.® Table I, taken from their paper, shows calci^ted 
and observed resonance energies, m kcal./mole. These calculations are 

TABLE I. 


Rbsonancb Enbrgibs of Alkyl Radicals. 


Radical. 

CH«. 

C>H,. 


uo-C^j, 

Urt-CtUt, 

CHav 

Resonance energy : 

■ 






calculated 


7-05 

8-6 

14-1 

21*2 

10*2 

observed 

H 

7-2 

8-1 

12*6 

16*7 

— 

Number of structures of 

■ 




type (II) 

D 

3 

3 

6 

9 

3 


somewhat crude, and too great reliance should not be placed upon the 
exact values given. There is, as might be ea^iected, a rough correlation 
between the calculated resonance enei^ and the number of structures 
similar to (II). This number is shown in the last line of the table. 

3. Alkyl Radicals. 

Calculations such as those in Table I are rdative; that is to say, 
they measure chiefly energy diSereacea rather than absolute values. If 
we ask what absolute knowledge is available even for the simplest of 
radicala, we shall be astonished how little is the answer. We do not even 
know the energies of removal of successive hydrogens from CH^ except 
for the first (/^ loz kcal.) and the last (^ 8o kcal.). Even these are ob- 
tained by spectroscopic and other experimental methods. The explanation 
lies in our continuing ignorance of the energies of the various states of 
the carbon atom, the correct value for whose heat of sublimation is still 
in dispute. Some detailed analysis by Voge * suggests that all four 
hydrogens should be almost equally ea^y removed ; but these calcula- 
tions, together with the earlier ones of Van Vleck ' failed to take adequate 
account of the change of electronegative character of the carbon atom in 
its diflerent states of hybridisation ; and their wave functions were essen- 
tiedly non-polar. For that reason ^ey are unreliable in detaiL 

One piece of information, however, does seem reliable. The methyl 
radical is almost certainly planar * with the HCH angles each 

equal to 120°. This means that when it is formed by breaking ^e tetra- 
hedral bond which attaches it to the rest of a molecule, we may anticipate 
that it will possess considerable vibrational energy. In such a plane 
radical, the unpaired electron is simply an qndisturb^ (or ir) electron 
of a carbon atom. And it will be equally reactive in the two directions 
perpendicular to the nmlecular plane. 

On the other hand, despite Voge's work,* we know eSectively nothing 
about the methylene radical. The original suggestion, that its binding 
should resemble that in HOH so that the valence angle should be a little 
greater than 90°, is now believed to be unlikely. Indeed, it is more 
probably about 140®. ' 

• /. Atnsr. Chtm. Soc., 1941, <3, 41. • Trans. Faraday Soc„ 1941, 37, 377. 

*7. Chtm. Physics, 1936, 4 i SSi- 'Ibid., 1933, i, 177, 219 ; 1934, a, 20. 

* Bak, /. Cham. Physics, 1946, 14, 6gB. 

® Hersberg. Rev. Mod. Pkyncs, 194a, 14, 195. 
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Alkyl radicals, of the kind that we are now discussing (methyl, ethyl, 
etc.) are relatively stable. Their activation energies for decomposition 
have been calculated by Bawn.® They are > 6o kcal. for methyl, and 
30-40 kcal. for the others, in fairly good agreement with experiment. 
The method of calculation may be illustrated by considering the decom- 
position ; 

CH, ► — CH, + CH,=CH,. . . (i) 

There is, of course, just one energy surface for this reaction, in the language 
of Eyring, Polanyi and others. But since the details of such a sur&ce 
are too difficult to compute at all reliably • we approximate to the true 
sur&ice from both sides of the eqn. (i), plotting fimt the energy surface 
for the initial distortions of the left-hand side, viz., 

CHa— CH,— CH, ► CHa + CH,— CHa, 

and, second, the final distortions as we reach the right-hand side ; i.e. 
we plot the interaction between the two distinct groups — CH, and 
CH,— CH,. By superposing the two energy diagrams ihus calculated 
we can estimate the height of the potential barrier invoh'ed in (1). Un- 
fortunately so many fiictors receive inadequate attention in all treat- 
ments of this sort (e.g. resonance in the activated-complex transition state) 
that the final values for the activation energy have only the status of a 
" semi-empirical " calculation.* But they do give insight into the 
processes involved. 

4. Conjugated Free Radicals. 

The general situation as regards conjugated free radicals is much happier 
than as regards alkyl radicals. Our theoretical knowledge of these radicals 
falls into three clearly marked stages : 

(а) energy, 1932-1939 ; 

(б) shape, or atructnre, 1939-1945 ; 

(c) reactivity, 1945- 

It will be best to discuss each of these stages s^arately, and to illustrate 
them, where possible, in terms of the same particular example. We shall 
take this to be the phenyhnethyl, or benzyl, radical CgH^ . CH,. As in 
all problems concerned with conjugated systems, there are two distinct 
types of approximation. Fortunately in almost every case the two theories 
give equi'v^ent results. But they arrive at these results in a slightly 
different way, using distinct notations and terminology’. We shall there- 
fore illustrate them both. This can best be done by taking the stages 
(a), (6) and (c) separately, and in that order. 

(a) Bner^ Calculation. — Early work on free radicals was entirely 
concerned with their stability; that is, with calculating their energy. 
Thus hexa-aryl ethanes dissociate into two radicals of Ckmberg type if 
the total energy of these radicals is sufficiently low relative to the original 
molecule. The extra stability is here attributed to the possibility of 
planar radicals, in which resonance among the n- electrons may take place. 
Such planarity is not possible, for example, in C,Fh,. but it is nearly possible 
in and leads to a lowering of total energy. This lowering is, 

in iajct, simply the resonance energy of the two r^cals, together with 
additional tenms arising from the changed valence conditions — ^tetra- 
hedral to trigonal hybridisation — around the carbon atom, and the 
dtianged steiic effects between non-bonded hy^drogen atoms in the two 

* Tnms. Faraday Soe., z^8, 34, 598. 

* Hirac hf elde r , J, Cham. Fkysi^, 1942, 9, 643. 

Coulson. Proc. Ray. Sac. JEdin,, A, 1941, 6i, ir5. 
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systems. It is important to note that although this latter energy may 
amoimt to as much as 30 kcal.^^ it cannot possibly provide by itself the 
energy necessary to break the central C— C link in a molecule like CjPh,. 

The resonance energy is interpreted differently according as we use 
the valence-bond (v.b.) method of resonance among canonical structures, 
introduced by Pauling,^* or the molecular orbital (m.o.) method introduced 
in this connection by Hiickel.^* Let us take the case of benzyl to 
illnstrate, assuming as usual that the molecule is completely planar. 

H H H H H H 

V V V 

6 ^ 

(VII) (VIII) (IX) 

The v.b. method regards the complete wave function for the molecule 
as a linpjLr combination of wave functions representing the various struc- 
tures such as (VH)-(XI), each of which corresponds to a certain method 
of pairing the v electrons. In each structure there is one unpaired 
electron (shown with an asterisk *) which, for purposes of calculation, is 
regarded as paired with a “ phantom ’* electron at infinity. In (VTI) 
and (VIII) wUch by analogy with benzene we may call Kekul6 and Bewar 
structures, the free electron is at the methyl carbon : in (IX) and (X) 
the free electron is at an atom of the benzene ring. Resonance among 
structures (VII) and (VIII) — ^there are two of type (VTI) and three of 
type (VIII) — gives the resonance energy of benzene. We can now see 
why there is additional stability in the radical, for the structures (IX) 
and (X) have no counterpart in benzene. There are other, more excited, 
structures, such as (XI), but as Mme. Pullman shows in a later paper in 
this Discussion for the polyene chain radicals, these excited st^ctures 
are not as important as in the parent hydrocarbons ; we may therefore 
neglect them. If we call the various st r uc tures ^1, . then the com- 

plete wave function ^ is written in the form : 

tp 5= -f- . . • (2) 

where the c, are constants found by a perfectly definite mathematical 
technique.^* The corresponding energy is also found, results being ex- 
pressed in terms of the so-called exchange integral a (or J). This is a 
constant which corresponds to the integral introduced by Heitler and 
London in their first treatment of the molecule. Its value cannot here 
be foimd by a priori calculation, but is estimated from observed heats of 
combustion and hydrogenation. For C — C bonds a is about — 37 fccal. 
In benzyl the resonance energy is approximately — 0*51 a greater than 
in benzene. This represents the ad&tional stability on account of the 
inclusion of structures such as (IX) and (X). Pauling and Wbeland^* 
show that in fact individual structures of type (VII) are about the same 
importance as individual structures of types (IX) and (X). 

In the m.o. method each of the 7 7r-edectrons moves over the complete 
carbon skeleton; there are four molecular orbits,^* three of which are 
bonding and are occupied by two electrons each. The fourth molecular 
orbital is neither bonding nor anti-bonding, and is half-filled with the 
remaining odd electron. The total eneigy is found by perfectly definite 

Bent and Cuthbertson, J. Amsr. Chem. Soc., 1936, gS, 170. 

“ J. Chem. Physics, 1933, *» 280. 

“ Z. Physik, 1931, 70, 204 ; 1932, 76, 628. 

Pullxiiiaii, this Discussion, p. 26. 

“ J. Chsm. Physics, 1933, i, 362 (Table TV), as corrected by Pullman in her 
paper on p. 30. 

Lennard-Jones and Coulson, Trcms. Faraday Soc., 1939, 35, 8x1. 
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rules 1®' and the resonance energy is given in terms of a resonance integral 
P (or y). jS is not the same as a, and has a numerical value about — 20 
kcal. As with a this value is ohtamed by comparison with experimental 
heats of formation and hydrogenation, and not by direct calculation. 
Values of the additional resonance energy, over and above that of the 
parent hydrocarbons, in a few simple radicals are shown in Table II, 
taken from Wheland.^® 

In this way we can draw up a list lowing the order of increasing dis- 
sociation of the various aryl ethanes. With one or two exceptions, this 

is the same as the order 
found experimentally. 

Certain refined c^cu- 
lations are possible. 
Thus Coulson has dis- 
cussed the effects of 
allowing different valu^ 
of J3 for the various 
links, using a principle 
established by L«nna^- 
Jones.** He was able to 
plot the energy of the 
ahyl radical in terms of 
the lengths Xi and x, of 
the two carbon-carbon bonds. Orr (quoted by BoUand and Gee •®) has re- 
calculated some of Coulson’s radicals using revised fundamental bond 
energies. He finds the following resonance energies for a polyene chain 
of M carbon atoms of formula 

n 3 (allyl) 4 (butadiene) 5 (pentadienyl) 

resonance energy (kcal.) 187 6*9 30*4 

The additional stability of the free radicals (« odd) is very marked. Other 
refinements which, however, do not alter the general results, have been 
made by Whdand •* using the m.o. method, and by Penney and Kynch •• 
using the v.b. nsethod. 

(b) Stractore and Shape. — ^In order that the molecules may all be 
planar, the carbon atoms are all in a trigonal state, and the angles are 
practically all about 120°. But the bond lengths are not necesse^y all 
equal. Incept for the smaller mcfiecnles, for which Coulson has cal- 
culated by dmect uolo. methods the lengths of all the links, it has been 
found necessary to determine bond lengths by means of bond order. The 
bond order is calculated, and the leng^ is read off from a curve con- 
necting order and length. 

In m.o. calculations there is a quite simple definition of bond order ** 
Each mobile electron contributes a partial bond order to each C — C bond, 
and the total mobile order for any bond is simply the sum of these partial 
orders. In v.b. calculations the bond order is most easily obtained by 
a method due to Pauling, Brockway and Beach,** though for simple 
molecules a refinement is possible.** The method of Pauling, Brockvray 
and Beach uses formula (2) for the complete wave function, and interprets 
it to mean that structure number i (^) has a weight Ci*/(c,* -H Cj* -1- . . .), 
etc. The mobile bond order of a bond connecting two given atoms is 

Hhckd, Z. Physik, 1933, 83, 632 ; Trans. Faraday Soe., 1934, 30, 40. 

1* Ann. N. Y. Acad. Sci„ 1940, 40, 77. 

Proc. Roy. Soe. A, 1938, 383. 

Ibid., 1937» *5®f *80. *1 Trans. Faraday Soc., 1946, 4a, 244. 

•■/. Avur. Chsm. Soc., ig4r, <83, 2025. 

»• Proc. Roy. Soc. A, 1938, 164, 409. 

« Coulsoa, ibid', 1939, 169, 413. 

• /. Anur. Chem. Soc., 1935, 57, 2703. 

•• Proc. Roy. Soc. A, 1937, 306. 


TABLE II. 

Fsas Radicai. Rssonancb Ensrgies. 


Badual. 

Vftleiioe-baad 

litottaod. 

Uolecalar«rbital 

Method. 

phenyl methyl 

— o-5ia 

- 072J8 

diphenyl methyl 

— o*84a 

- 1*30^ 

triphenyl methyl 

— i*iia 

— i-8oj8 

a-naphthyl me^yl . 

— 075a 

— o-8ij5 

^naphthyl methyl . 

— o*63a 

- 07518 
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then the total weight of all structures in which bond appears double. 
Provided that one takes sufELcient structures into account, this method 
gives quite good results. 

The quantity we have called bond order is sometimes called double- 
bond character and expressed as a percentage ; sometimes also indtce ds 
liaison. At one time, following a suggestion of Svartholm,*’ twice the 
bond order was called the charge de hatson ; but this was not a happy 
notation, and is now abandoned. The papers by Pullman 1* and Daud^ •• 
in this Discussion, show values of the indice de liaison for molecules 
and for various derivatives of triphenylmethyl. Moffitt and 
Coulson ** have refined these calculations somewhat, and Coulson and 
Longuet-Higgms have shown that the rth carbon-carbon bond m a free 
radical where n is odd, has mobile order (m.o.) : 


Pr 


I 

n+i 



ir 

an a 


+ (— i)*-^ cot 


(2r + 
an + 2 /* 


The mobile bond orders calculated for benzyl by Coulson (impublished 
m.o.) and Mde. Pullman (v.b.) are shown in Fig. i. These two diagrams 
give qualitatively similar descriptions of bond order and length. It is 
important to realise that as the two definitions of bond order are not 
equivalent, there are two curves rdating order and length, one for m.o. 
and the other for v.b. use. It appears that the m.o. orders are always 
numerically greater than or equ^ to the v.b. ones. This does not 


• 70s 


•S 62 







(a) molecular-orbital (6) valence-bond 


Fia. r. — Mobile Bond Orders in Benzyl. 

N.B. — ^The two definitions of bond order are not the same, so only relative values 
m (a) and (t) are significant. 


matter provided that we know in which system the calculations are made. 
The actual bond lengths predicted for b^zyl do not difler much for the 
two methods, and no sufficiently detailed experiments are available with 
which to check either. But, worldng from left to right in Fig. i, the 
average values are 1*39, 1*38, 1*41, i*38 a. 

(c) Reactivity. — ^The most important recent development in the theory 
of the reactivity of organic molecules generally has been an attempt to 
provide numerical values by which the absolute reactivities of different 
positions may be estimated. Free radicals are included in this type of 
analysis. In this case the reactive centres are evidently those on which 
the unpaired electron spends most of its time. In m.o. language, if we 
regard the unpaired electron as describing a molecular orbit whi^ covers 
all the nuclei, it may be shown that tl^ electron is concentrated solely 
on alternate carbon atoms, beginning at the end ones, and is evenly 
divided among them, m chain molecules Thus the odd electron 

spends z/(n + 1) of its time on each of ^ (n + i) /2 carbon atoms i, 
3, 5 . . . and none of its time elsewhere. Thm explains why longer 
radicals of this kind are less reactive than shorter ones : for at any one 
atom the fractional impaired charge is decreased if the chain length is 
increased. A very similar result is predicted (see laterl by Mde. Pullman 

Arkiv. Kami. Min. Ged., 1943, 15, No. 13. 

** Trans. Faraday Soc., this Dwussion. 

•• Ibid., 1948, 44, 81. •• Proc. Roy. Soc. A (in press). 
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usiBg v.b. theory. This alternate distribution of the odd electron holds 
in* all common hydrxacarbon radicals, mcluding benzyl, though the uni- 
formity of distribution is confined to the chain radicals. In benzyl the 
odd electron is distributed among the end carbon and the two ortho and 
the para positions of the ring in the ratio 4 ; z : i : i. In the presence of 
5-niembered rings and in hetero-radicals, the alternate distribution 
will generally not hold, but no calculations have yet been reported. In 
some wa}^ this interpretation of reactivity is parallel to one given by 
Hiickel ** for non-radical hydrocarbons such as naphthalene, anthracene, 
etc. 

But if we suppose that the other rr electrons as well as the unpaired 
one contribute to the free valence, we may proceed as follows. •• Consider 
(Fig. la) one of the tneta carbons in benzyl. This atom is forming bonds of 
total order 1-635, 1-705 and 1*0; the first two are C — C bon^ and the 
third is C — We may define its total bond number jV as 

JV = 1*635 + 1-705 + i-o = 4*340. 

J/ measures the total degree of bonding of this atom. Now the maximum 
value of A* found so far for carbon in any molecule is 4-680. So we could 


•34 *45 o ‘124 



(a] molecular-orbital (5) valence-bond 

Fig, a. — ^Free Valence in Benzyl. 


N.B. — The two definitions of free valence are not the same, so only relative values 
in (a) and {b) are significant. 

introduce the free valence F of this atom *• as the " residual affinity ’’ 
(in the language of Werner), and write 

F = Am« - A 

= 4-680 — 4*340 = 0-34. 

A convenient notation for the free valence is an arrow, as shown in Pig. 2a, 
leading away from the atom, with the magnitude of F attached. This 
would distiaguish the free valence from the net charge at the atom, which 
could be represented by a number attached without an arrow to the atom 
concerned. In the case of our h3rdFocarbon radicals the net charge is 
either exactly, or practically, zero. In benzyl the most reactive centres 
are just those one would have expected. It seems likely that the best 
picture of the reactivity of benzyl lies somewhere between Ihe two accoimts 
just given. That is to say, it is due not entirely to the one unpaired electron, 
but partly also to the other w electrons, since no one electron in a molecule 
can ever be treated entirely independently of the others. 

The idea of free valence may be extended to v.b. theory, and calculations 
for various h3rdrocarbons have been made by Daudd, Pullman and col- 
laborators ** under the former title charge du sommet, now altered to the 
more accurate description indice de vaience libre. In the case of hydro- 

u Coulson ^id Rushbrooke, Proc, Camb. Phil. Soc., r940, 36, rgs. 

n Coulson, Traaes. Faraday Soc., r946, 43, 265. 

» Coulson, ibid, (in oouiae of publi^tia^d . 

“ P. «nd R. Dandel, Jacques and J«ui, Seo. Set., 1946, 84, 489 ; A. Pullman. 

Thesis (Paris, 1946). 
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carbons P. and R. Daudel and Coulson have shown that the two treat- 
ments are very similar m their conclusions. Mme. PuUman 1* gives similar 
results for benzyl (shown in Fig. 26) and the odd-membered chains, in this 
Discussion. The free valence, or indice de valence libre, is now defined 
in a way entirely analogous to that used for bond orders. It is the sum 
of the weights of all structures in which the chosen atom is not joined by 
a double Iwnd to one or other of its nearest neighbours. 

In this way a begmnmg has been made in a quantitative study of the 
homolytic reactivity of hydrocarbon free radicals. Some work by Coulson 
and Longuet-Higgins •“ has shown how heterolytic reactivity may be 
similarly studied m m.o. approximation, but applications to free radicals 
have not yet been made. 


5. Synthesis of Terminology and Symbols. 

Table III shows the significance of the various symbols and terms 
that have been proposed &om time to time. The table itself is self- 
explanatory. 

TABLE III. 

Terminology and Symbols used by Different Writers 


Resonance eneigy arises 
from .... 

Resonance energy measured 
in units of . 

Bond lengtias defined by . 


Homolytic reactivity de- 
termined by . 


Heterolytic reactivity de- 
tOTmined by . 


Valeace-boxuL 


Resonance among 
canonical structures 

Exchange integral a 
(sometimes called J) 
Mobile bond order 
s double-bond char- 
acter, also ituiice de 
liaison, formerly one- 
half of charge de 
liaison 

Free valence, i.e. indice 
de valence libre, for- 
merly charge du 
sommet 

Total net charge on the 
atom, sometimes 
called charge totale 


Holecular Orbital. 


Delocalising of electrons 
into orbits over the 
whole molecule 
Resonance integral 
(sometimes called y) 
Mobile bond order which 
is tiie sum of partial 
bond orders of all 
TT-electrons 


Free valence F, where 
F ^ Ainax ■“ and 
N = totzJ bond num- 
ber (For C atoms 
Nma. = 4 ’ 68 o )- 
(a) Total mobile charge 
\b) Sdf-polarisability of 
the atom.*" 


6. Future Deyelqpments. 

It may i^haps be permitted to dose with an indication of some of 
the lacunae in present theory, and of the directions in which we may 
anticipate progress in the near future. 

of all, in all resonance calculations, whether with alkyl or con- 
jugated radicals, we must indude ionic strudures : for withont these no 
valid discussion of the eneii^ of heteromotlecules is possible, and no estimate 
can be made of the polai^bility of one molecule or radical due to the 
approadi of another; that is, no satisfeu^tory quantitative measure of 
hderolytic reactivity is possible, and even that of homol3dic reactivity is 
somewhat uncertain. 

Next, in all m.o. calculations, adequate allowance must be made for 
electron-repulsion tenns, without which we necessarily exaggerate all 
charge-transfer and polaxisability efiects. 

In both theories a deeper imdeistaading is desirable of the relation 

Rev, Sci., 1947, 85, 29. 
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between free valence and reactivity. This will almost certainly involve 
a deeper discussion of the transition complex.** We also require to know 
why, although both the v.b. and m.o. theories show such excellent rela- 
tive agreement, the ratio of the two fundamental parameters a and j9 
(see Table III) required to give absolute agreement is only about 1*3 for 
free radicals, although it is nearly 2*0 for other conjugated systems.*’ 

Questions relating to the dissociation into pairs of radicals of such 
ntiolecules as the hexa-aryl ethanes cannot adequately be discussed in an 
absolute manner until we have more detailed information regarding the 
steric forces between non-bonded atoms, particularly hydrogen. 

In both v.b. and m.o. calculations a^quate account is stiU not taken 
of the change in atomic radius and electronegativity of a carbon atom 
according to the nature of its hybridisation.** Partly also for this reason, 
we still have no completely adequate account of h3q)erconjugation, without 
which the theory of alkyl radicals developed in § 2 is largely empirical. 
Such an account, if expressed in v.b. language, must discuss the geo- 
metrical conditions under which the valence requirements of structures 
such as ( 1 ) and (II) can be simultaneously satisfied. This again requires 
a deeper understanding of what is meant by a localised, or non-localised 
bond ; and, in the case of carbon, more k^wledge of the energy of its 
various valence states. 

Although the above list sounds formidable, there does not seem to 
the writer any fundamental reason why progress should not be made : 
and we may expect the resolution of at least some of these difficulties, 
even with our present knowledge, in a not-too-distant future. 

RAsmnA. 

On prisente ici une revue des calculs th^oziquea se xapportant & la s truc tn ie 
et k la rdactlvitd des radicaux Ubres alcoyles (ou satur^ et aromatiques (ou 
non saturds). On compare lea tenninologi^ et symboles divers employds dans 
les travaux snr les ladicaux aramatiques. On indique les principales difficultds 
zencontrdes dans les thdoiies courantes et Ton suggdie de futura ddveloppements. 

Zusammenfassung. 

Per Artikel gibt einen tlberblick fiber Berechnungen der Struktur und 
BeaktivitSt von sowohl Alkylradikalen (gesfittigt) sis auch aromatischea (oder 
ungesSttigten) fieien Radfkalen. Die verschiedenen Tenrdncdogieii und Symbole, 
die in Aiheiten fiber Aiylxadikale verwmdet werden, werden verglichen. Die 
Hauptschwierigkeiten bei den geg^wftrtigen Theorirai werden augedeutet und 
VotschlSge ffir weitere EintwicMungen gexuacht. 

Physical Chonisiry Laboratory, 

Oxford. 

>• Wheland, J. Atner. Chetn. Soc., 1942, 64, 900. 

*’ Wheland, J. Chetn. Physics, r934, 474> 

•* Coulson, V. Henri Memari^ Vol. (Li^) (in press). 


THE PROPERTIES OF BONDS 
INVOLVING CARBON. 

By a. D. Walsh. 

Received xSfh August, 1947. 

It is wel l faao wn that the s, p, d, . .. . nomenclature for describing the 
forms of electromc orbitals in fxea atoms is not always suitable for the 
description of valency orbitals employed in molecule formation. For 
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example, in most of its compoimds, carbon uses valencies which may be 
described as hybrids of its 2s and atomic wave functions. As a result 
of ^^b1B hybridisation, a carbon atom in a molecule has an important 
flexibility. The properties of a carbon valency change as the degree of 
hybridisation chsmges. Thus its electronegativity chwges and, with it, 
changes the streng^ of the bond formed by the valency. In conformity 
with the requirement of minimisation of free energy, therefore, a carbon 
atom adjusts itself to the particular environment in which it lies. The 
properties of any carbon vidency (for example, the length and direction 
of the bond it may form) are always specific to a particular valency in a 
particular atom in a particular molec^e. Additivity rules (such as the 
idea of constant CH bond energies) are only approximate. In some cases 
the differences are too small to be detect^, but in others they are now 
well established. It is the purpose of this paper to show how these differ- 
ences can be correlated with change in the ^gree of hybridisation involved. 
This approach has already been used outstandingly by Coulson.^ It 
translates into other language the approach in terms of electronegativities 
and polarities previously attempted by the author,** *. * but in doing so 
reveals further important correlations and explanations. Particular 
application is made here to the CH, CH| and CHt radicals. 


Fundamental Principle. 

The more s Character in a Carbon Valency, the more Electro-negoHoe is the 
Carbon Atom in that Valency. 

This xiiinciple is strongly supported by (a) the body of facts (see below) 
that follow from it in dose accord with experiment ( 6 ) theoretical work 
of Coulson^ which shows the average disl^ce of an electron from the 
nudeus to be greater in a 2^ than in a 25 ortntal : which is to say that the 
“ pull ” or electronegativity of a carbon atom is greater when it is exerting 
a 25 than a 2p valency. 

Application to Polarity of Carbon Bonds. — ^The type of hybridisation 
involv^ in the carbon valendes towards hydrogen in methane, ethylene 
and acetylene is well known and is listed in 
Table I. The bond in the CH radical probably 
uses a piuo p carbon valency : evidmice for this 
is either to be found in a tiieoretical paper by 
Coulson ^ or in the agreement of the hypothesis 
with our discussion bdow of CH bond lengths. 

The molecules in Table I are listed in such a 
way that the proportion of s chamcter in the 
carbon valency towards hydrogen increases as 
we pass downwards. AppUcation of our funda- 
mental prindple therefore means that the carbon 
dectronegativity towards hydrogen also increases 
as we pass downwards. In methane the CH bond dipole is known to be 
small an^ to have the direction C^'+H^.** ’* • We may hence eaipect that 
on passing from methane to ethylene a reversal of polarity direction occurs, 
so that the CH bonds of ethylene have a small bond dipde of sign C^H*+. 
On passiag from ethylene to acetylene, instead of reversal of sign, an 
intensification of the C^-H^ polarity takes place so that acetylenic CH 

1 Coulson, V. Henri Memorial Vol. (Li^) (in press). 

* Walsh, Trans. Faraday Soc., 1946, 4a, 56. 

s Walsh, ibid., 1947. 43i 60. 

* Walsh, ibid., 1947. 43 t 158- 

■ Walsh, J. Chain. Soc. (in pieas). 

* Coulson, Trans. Faraaw Soc., 1942, 38, 433. 

' Gent, Nature, 1946, 158, 27. 


TABLE I. 


Moleoiile. 

C ValeoOT 
toiruda H. 

CH radical 

P 

CH. 

sp* 

cja. 

sp* 

C,H, 

sp 
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bonds have a comparatively high bond dipole of sign Thus 

we explain, verj*' simply, the acid nature of acetylene and the high 
electron-attracting nature of a CsC — group as evidenced by the much 
greater dissociation constant of propiolic than of acrylic acid and by stuthes 
of the \'elocity of reactions involving electron accession to the reaction 
centre.® We also explain the lowered polarity of the carbonyl group 
in ketene relative to formaldehyde,® for the cenbcal carbon atom of ketene 
is an acetylenic one, forming two cr bonds (in line) and two «■ bonds. 

Passing upwards in Table I from methane to the CH radical, an in- 
tensification of the polarity takes place, so that the CH radical is 

expected to have a high bond dipole of sign C^+H*". 

Conversely, one may say that if an XgC — Cl bond has a markedly 
lower dipole moment than ^e bond in the corresponding alkyl chloride, 
the carbon valency in X^C — Cl towards chlorine has appreciably more 
s character than hw sp*. This argument (comparing the dipole moments 
of cyclopropyl and isopropyl chlorides) has been employed to show that 
the carbon valencies towards hydrogen in cyclopropane are nearer the 
trigonal (s/>*) than tetrahedral [sp*) type. 

Application, to Strengths of Carbon Bonds . — One of the most important 
factors determining the strengths of bonds lies in the electronegativity 
of the bonded groups. Normally the bond strength increases with in- 
crease in the product of the electronegativities of the bonded groups. 
This feet has been stressed by Gordy,^^ though there are exceptions which 
can be understood.® It follows that we expect the CH bond strength to 

increase as we pass 
table II. downwards in Table I. 


liolecole. 

r(CE.) 

A. 

*(CH) 

djam/cm. 

JS(CH) 

kca]./inale. 

CH ladical 

1 1*120 

4*09 X 10® 

80 

CH. 

C,H* 

1-094 

479 

.w 104^* 

1*087 

5*1 

/V. 106“ 


1*059 

5*85 

I2IM 


That this is so is shown 
by Table II: the direc- 
tion of change in the 
lengths (f), stretching- 
force constants (ft) and 
energies (£) of i^e CH 
bonds are all in agree- 
ment and all show that 
the bond strengthens 
with increase in the s 


character of the hybrid carbon valency employed. (The farther factor de- 
termining bond strmigth — namd.y that the strength is reduced with increase 
of polarity — means that the difference in strength between CHran. 

and CH0H4 is somewhat magnified while that between CHoiHi CHa,Hi is 
somewhat reduced.) 


Further Applications. 

If in the compound XCKiR,R, we change X for a group of higher 
electronegativity, then, clearly, the effective electronegativity of the 
carbon atom towards the groups must be increased. In other 

words the valencies of the carbon atom towards RjRjR, must have 
increased s character. This in turn means that the carbon valency 
towards X has increased p character. An alternation becomes apparent. 
Our fundamental principle therefore carries with it the following 
corollary. 

* Braude and Jones, /. Cham. Soc., 1946, 128. 

• Walsh, J. Amer. Chem. Soc., 1946, 68, 2408. 

10 Walsh, Nature, 1947, * 59 » 

“ Gordy, J. Chem. PAyrics, 1946, 14, 305. 

Long and Noxrish, jProa. Rw. Soc. A, 1946, 187, 337. 

^ Value ass^ned as earolaniea below. 

^ Cherton, BvU, Soc. Sci. Li^e, 1942, 11, 203. 
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If a Group X attached to Carbon is replaced by a more Electro-negative Group 

Y, then the Carbon Valency towards Y has more p Character than it 

towards X. 

T his subsidiary principle is a translation into quantum-meclianical 
language of the well-known charge transfer or inductive effect* The 
translation is well worth making for it indicates new properties (in terms 
of bond angles, stretching and bending-force constants, bond lengths and 
energies) of the inductive effect. It gives a very simple explanation of 
many facts that have come to light in recent years and winch hitherto 
have been puzzling. To take two examples. 

(1) If a hydrogen atom of methane is replaced by chlorine, then the 
carbon valencies towards the three remaining hydrogen atoms have m- 
creased s character. The CH Ijonds should ther^ore be slightly stronger 
in CHsCl in CH^ : we have already given thermochemical evidence 
that this is the case.® Considering in CHaCl the three carbon valencies 
towards hydrogen, they should show an approach from sp‘ character 
towards the hybrid valencies of ethylenic carbon atoms ; that is, they 
should show some approach towards a planar, 120“ inter-valency angle, 
arrangement. The finding of Bak that the methyl group in CH,C1 
is flatter t han in methane is thus simply explained. Agam, since an 5 
orbital is spherically symmetrical while a p orbital has strong directional 
properties, the CH bonds of methyl chloride should show less resistance 
to deformation than those of methane. That is, the CH bending-force 
constant should be less in methyl chloride than in methane,^® though the 
converse should be true of the CH s/wteWiig-force constant. Sheppard 
and Sutherland have shown that the force constant for the out-of- 
plane bending of CH in RCH=CHR gets less as the electronegativity of 
R increases. This is in full accord with the theory developed here. 

(2) Propane can be derived from CH4 by replacing two H atoms by 
the less electronegative CHa groups. £^h central C valency to H has 
therefore more p character (so explaining the weakness of 2® CH bonds *• i*), 
while the CC v^encies have more s character and should be more linear. 
Electron difEraction shows that the CCC angle is greater than tetrahedral 
in propane (114® *®). 

Application to the GH3 Radical. 

When a carbon atom is attached to only three atoms, as in the 
methyl radical, the strongest bonds will be formed when the carbon 
valencies are of the planar, 120® type (cf. ®®}. There is some experimental 
evidence in accord with this, utilising the theory of optical activity,** 
In consequence the CH bonds of free methyl sho^d be slightly stronger 
than those of methane (cf. ■*). It is a merit of the Long and Nortish i* 
use of ~ 190 kcal./mole for the heat of sublimation of carbon in calculating 
heats of atomisation (whatever the precise interpretation to be put upon 

* The prmdple is readily extended to valencies of atoms other than carbon. 
Thus F in FF| uses hybrid sp*d valencies. If therefore we change an F for Cl, 
we expect more s in the P vacancy to Cl and moie^ or d character in the P valen- 
cies to F. Hencer(PF), shonld be shorter in P]^ than in, say, PF,CL> Brockway 
and Beach “ report r(P]^ = 1*59 ± 0-03 a. in PF,Cl| and 1*57 ± o*oa a. in PFj. 

“ Brockway and BesLCh, /. Atner. Chetn, Soc., 2938, 60, 1836. 

« Bai; J. Chem. Physics, 1946, 14, 698. 

For evidence that this is so compare Herzberg, Infra Red and Raman 
Spectra (Van Nostiand, 1945), and Duchesne, Nature, 1947, 6a, 159. 

Shnmard and Suthwhind (in comae of publicaiion). 

2* Waim, Trans. Parade^ Soc., X946, 4a, 269. 

** Bauer, J. Chem. Physics, 1936, 4, 406. 

Voge, ibid., 581. 

** See Waters, The Chemistry of Free Radicals (Oxford, 1946), p. 175. 

* •• Van Vleck, J. Chem. Physics, 1934, a, 20. 
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this figiire) that it is chosen to be in accord 'with this expectation for the 
CH bond strength in free methyl. For the energy required to dissociate 
a hydrogen atom from methane is about 102 kcal./mole/* so that the bond 
energies in free methyl and methane become 105 and 104 kcal./mole 
respectively. 

The polarity of the bonds in free methyl is expected to be 
We may therefore expect replacement of an H in free methyl by a trigonal 
carbon atom to evoke a little more 5 character m the valencies of the 
carbon atom towards hydrogen. That is, the carbon atoms of ethylene 
cannot, because of the lack of symmetry, be examples of " perfect " 
trigonal atoms. The CC a bond will have -very slightly more p-p character 
than sp*-sp*, the angle HCH should be very slightly greater than 120® 
and the angle HCC very slightly less than 120". Also the CH bonds of 
ethylene should be slightly stronger than in free methyl.* A suitable 
energy 'value to assign -to ^em would be 106 kcal. (as has been done in 
Table II) because this value 'then accords with the Long and Norrish 
implied value of the free me'thyl bond energy and also wi-th plots of bond 
energy against other bond quantities such as bond strength. 

The planarity of the free methyl radical may also be supported by 
the following argument. If X replaces H in CH4 and X is supposed to 
increase in electronegativity, then ^e carbon valency towards X (beginning 
as sp') will increase in p character, until, when X has infini'to electro- 
negati'vity (and has thei^oie completely removed 'the two electrons in 
the CX bond), the carbon -valency towards X has reached its limit of pure 
p character. The remaining carbon -valencies must then be sp* in -type. 
That is, the free methyl positive ion must be pUinar. Adding an electron 
(to form the free methyl radical) -will not di^rb this configuration, the 
electron simply passing into the vacant p orbital. Hybiidi^tion of this 
orbital will only occur when a bond is forined from the CHp for hybridisa- 
tion is a phenomenon which occurs by -virtue of the energy lowering due to 
increased atomic orbital overlap which it makes possible. With a free 
-valency considerations of a-toimc orbital overlap do not enter: that is 
why valency hybridisation is a molecular phenomenon and is irrelevant 
for free atoms. In CH,Q -we have a stage intermediate to CH4 and to 
the case where X has infinite electronegati-vity ; so that the work of Bak “ 
confirms our argument by showing that the CH, group is then intermediate 
to the tetrahedral and planar configurations. 

Application to the GHj Radical. 

If CH, is considered as formed from di-valent carbon, two pure p 
-valencies of the carbon might be expected to be used, there b^g no 
unpaired electrons, the an^ HCH being 90® and F(CH) being <-^80 
kcal./moIe as in -the CH radical. If so our discussion shows -t^t the 
CH bonds would be hea-vily polar -with the sign C^H^~. Repulsion of 
the negati-vely-charged hydrcgen atoms would then be expected to increase 

considerably HCH. Putting this in other language, -the proportion of s 
character in the C -valencies -would increase fmm zero. Simultaneously, 
the CH bond strength -would increase both because of -the reduction of 
polarity and because of the increase in electronegati-sdty product for each 
bond. Increase of stability because of these fiictors and because of re- 
duction of H — ^H repulsion mean that we can expect -that C in CH, employs 
-valencies that are not pure p but contain rath^ considerable s charactOT. 

Some sort of energy hu^e for this hybridisation would need to be 
postulated in order -to explain why the C V2dency in the CH radical ap- 
parmtly remains pure p in spite of the possibility of reducing bond 

* In cl u s ion of ’the effect of -the v bond may upset these ooncLusions, for it 
tends to *' tif^ten " the <r bond, Le. to increase ite s~s character. AU -we can 
perhaps fairly conclude is that ■&(C^ou, is dose to R(CH)a,Hf 
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polaiity and increasiag bond electronegativity product by hybridisation : 
in CHa the gain of energy by these factors applied to two bonds and by 
reduction of H — repulsion may then be supposed to bo greater than the 
hurdle height, whereas m the CH radical with only one bond to strengthen 

no repulrion to remove, the possible gain may well be less than the 
energy hurdle. The agreement of our expectations (see below), based 
upon the occurrence of valency hybridisation in CH*, with what experi- 
mental facts are available necessitates the supposition of this energy hurdle 
opposing hybridisation. If we suppose that the hurdle is the energy re- 
quired to remove the pairing of two electrons in a lone-pair orbital on the 
C atom of CH or CH, (appreciable hybridisation only occurring in con- 
junction with this *) i.e. tiiat it is related to the energy difierence of the 
»P and *5 states of atomic carbon, then we shall expect the ground state 
of CH, to contain two unpaired electrons. This expectation does not 
appear to be impossible (see below). Long and Norrish^* stress the ex- 
istence, as C is converted into CH,. of an energy hurdle related to the 
ap — transition in atomic carbon but (a) they suppose it hes in that 
part of the course which is between CH, and CH, (whereas we tentatively 
suppose it to lie between CH and CH,), and (6) they not only relate, but 
also equate, it to the magnitude of the *P — transition energy (which 
seems uncertain since the latter refers to a happening in a free atom and 
the hurdle refers to an event in an atom bound in a CH or CH, molecule). 

Two factors are concerned in the strengths of the bonds in CH, ; (a) the 
electronegativity difEerence and (d) the electronegativity product in the 
bonds. The fir^ causes the C valencies to avoid the extreme possibilities 
of pure p (high C^+H^- polarity) and sp (high C^“H^+ polarity). The 
second causes the valencies to be as near to as possible. The compromise 
structure is therefore expected to have an angle nearer to 180“ than to 90®. 

Herzberg ** has suggested, with some justification, that the group of 
bands observed near 4050 a. in the spectra of comets may be ascribed 
to CH,. These bands have been reproduced in the laboratory by Herzberg** 
using an electrodeless discharge in a stream of CH, and by Hermann ** 
using a discharge between C electrodes in an atmosphere of H, greatly 
diluted by inert gas. This work makes it certain that the bands are due 
to a hydrcKsarbon and renders Herzberg’s attribution of them to CH, 
very plausible. Accepting this identification, the structure of the bands 
yields a moment of inertia for CH, which, in turn (whatever plausible 
value one takes for r(CH)) leads to an HCH angle of ca. 145®. The mag- 
nitude of this is consistent with our discussion of the motivating force 

for the widening. A graph of r(CH) — for CH„ C,H, and CJH, 

yields the value r(CH)oH, i'074 for I^C^qb, — 145*’ I whilst a graph 
of f(CH) — £(CH) for the same molecules yields a value for P(CH)cEa of 

115 kcal./mole. 

Now if CH, had a linear structure (employing two sp C valencies at 
180"), it would have two pure p orbitals of equal energy. Because of this 
degeneracy, by the principle of maximum multiplicity (which results, for 

* In cubon monoxide, the carbon valency in the o bond appears to show 
sp hybridisation.** The " driving force " for this is the same as m. CH„ namely, 
the mcrease of bond stien|^ by rednctian of polarity zind increase of bond 
electronegativity product ; but it occurs without flitting the lone pair on the 
carbon atom b^nse the only orbitals available for these " atomic^' electrons 
are one of sp and one of pure p character, which are far from degenerate. The 
low dipole moment of CO is a very natui^ result of the flexibility of a carbon 
atom resulting from hydridisatum. Similarly, we expect the bonds in CH, to 
have low polarity. 

•* Herzberg, Ji!w. Mod. Physics^ 1942. J4» ifl5. 

•• Herzberg, Astrophys. J., 1942, 314. 

*■ Hermann, Compt. rend., im 6, aag, z8o. 

” Ijong and Walsh, Trans. Faraday Soc. (in press). 
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example, in Oj in its ground state being paramagnetic), it would be ex- 
pected to have one electron in each of these p orbitals, i.e. to have a triplet 
ground state. If CHg used pure p C valencies then it would contain a 
lone pair of zs electrous and have a singlet ground state. The fact that 
the obser\'ed angle (accepting the ideni^cation of the 4050 a. bands) is 
considerably nearer to 180“ than to 90° may be held to make it at least 
possible that the ground state of CHi is a triplet and not a singlet. 

Such a conclusion would explain the fact that systems containing free 
CHg radicals seem only to give rise to CHj with some difficulty. The energy 
required for the reaction CH, = CH3 H would be 1^ 105 — 2(115 “ ^^ 5 ) 
=> 85 kcal./mole, so that the acti\'ation energy for this reaction would be 
at least equal to this amount. Further, the reaction CH, = CH H 
would require 115 + (115 — 80) — 65 = 85 kcal./mole if we include 
the value of 65 (from the work of Long and Norrish) because of the change 
from a confiLguration based essentially on tetravalent C to one based on 
divalent C. Since CH4 = CH, + H requires 101 and CH = C -f H 
requires 80 kcal./mole, we reach a conclusion which has previously been 
advocated by Voge,*^* “ namely that the energy required for the successive 
removal of H atoms in methane (especially a^r the first) does not vary 
by any large amount. This conclusion would not follow (accepting our 
other figures) if we included the 65 kcal. at the step CH, = CH, + H, i.e. 
if we assum^ CH, to have a singlet ground state. 

Finally it is satisfactory that £(CH)oh, = 115 kcal. is consistent with 
the Long and Norrish value for the energy hurdle : the gain in energy 
on passing £;om CH, based on diatomic car^n (assumed, by analogy with 
CH, to employ nearly pure p C valencies) to CH, bas^ on tetravalent 
carbon is 2 X (115 — 80) = 70, which is more than the 65 kcal. to be 
absorbed. These figures suggest that the singlet and triplet states are 
very close. The gain of energy on hybridising the carbon valencies in 
the CH radical (~ 35 kcal.) is of coturse much less than the hurdle that 
would have to be surmounted. 

The experimental data for CH, are not suffident for certainty in 
theoretical conclusions, but the above discussion points one way in which 
the data can be used when they become available. 

The author would like to acknowledge warmly the debt he owes to 
C. A. Coulson. 


Summary. 

The properties of bonds involving carbon are correlated with the degree of 
hybridisation in the carbon valency employed. This approach translates into 
other language the apptxjach in terms of electronegativities and polar character 
which the author has previouriy employed. The more s character in a carbon 
valency the more elect^egative is the carbon atom in that valency. Using the 
known relation between electronegativities of bonded g^ups and bond strength, 
it follows that the more s character in a carbon valency the stronger the bond 
to a given atom formed by that valency. The relative strengths of many carbon 
bonds are thereby explained. The corollary, that the more electronegative an 
atom (X) Joined to carbon the more p charaicter it evokes in the carbon valency 
to whidh X is attached, is used to indicate farther facts concerning bond strengths 
and molecular shapes. Farticalar application of these principles is made to the 
CH and GH, and CH, radicals. 


R^um6. 

Les propridtds de liaisons comportant C sout relides au degrd dhybridation 
do la vedence employee de C. Plus la valence C a le caract&re s, plus Tatome C 
est e&ectzan6gatif et pi^ est forte la liaison, fotinte par oette valence avec un 
atome domid. Ces pzincipes sont appliqn^ aux radrcanx CH, CH, et CH,. 


Baughan, Nature, 1941, 147, 542. 
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Zusammexifassung 

Die E^enschaften von Brndtuigen, an denen em C-Atom beteiligt ist, konnen 
mit dem Grad der Hybndisierung der entsptechenden G>Valenz in Znsammen- 
kang gebracht werden. Je mehr ^-Charakter die Valenz besitzt, desto mehr 
elek^negativ 1st das betreftende C-Atom nnd desto starker 1st die dnrch. diese 
Valenz gebddete Bindnng an ein gegebenes Atom. Es folgt erne Anwendnng 
dieser Grundsatze bei CH. CH| und (^^-Badikalen. 

Laboratory of Physical Chemistry, 

Cambridge. 


ON THE STUDY OF FREE RADICALS BY THE 
MOLECULAR-DIAGRAM METHOD. 

By R. Daudbl. 

Received gth July, 1947. 

It has been pointed out that the two methods of constructing molecular 
diagrams ^ lead to very fflmilar results. To compare these two processes 
P. and R. Daudel and C. A. Coulson ^ chose the case of pol3muclear hydro- 
carbons. Here we should like to study the ceise of some free radicals. 

We have calculated the mesomeric molecular diagrams * of the three 
radicals C3H5. CgH,. C^Hg, in order to compare them with the molecnlar- 
orbital diagrams obtained by Coulson.* We have made only very simple 
calculations using the three following sets of canomcal structures to 
describe the free radicals rindar consideration. As usual * the star * 
deno^ a phantom orbit and electron at infinity with which the otherwise 
unpaired electron of the free radical is suppos^ to be paired. 

* * 

J = J 

{c) ^ 


CaH, CgH, 


In the table below the results obtained are shown diagrammatically 


BaduaL 

UblecuIarOrlHtal Diagtam. 

Muomeno Mblecular Diasnm. 


0*93 o-aa 0-93 

0*30 0*00 0-30 


+ \ + 

4 ' 4 ’ 


0-71 o* 7 x 
f 1 1 

0*30 0-30 


1 n I 

0*83 o-ay 0*43 o*a7 

0*37 0*00 o-aS 0-00 0*37 

CjH, 

I 4 ' 4 ’ 4 " I 

4 - + 4 ' 4 - 4 i 


0*79 0*58 0-38 079 

1 1 1 \ A 

0^3 0*37 0*37 0*63 


1 r 1 1 ■ — 1 

o*8a oa 7 0*43 0*33 0*43 0*37 0-83 

1 1 1 1 '1 

0*39 0*00 0*31 0*10 0*2X 0*00 0*39 

CnFa 

t 

4 ' 4 * 4 ' 4 ' 4 - 4 ’ ■! 

+ + 4 + j 1 + 


o-Si o*33 0*63 o-6s 0-33 o-8i 

1 - -I . 1-1 1 1 1 

07X 0*39 0*50 0*50 0*39 0*71 

1 1 1 1 1 t 1 


1 1 1 1 1 ' 1 1 

1 1 j— — I— -| 1 1 


1 Coulson, Daudel and Daudel, Revue Soi., 1947, 85, ag. 

* Daudel and PuUman, Compt. rend., 1945, aao, 599, 888 ; 1945, aai, 201, 247, 
398 ; i946< ^oa, 86, 188. 

* Coulson, Trans. Faraday Soc., 1946. 43, 265. 

* Pauling, J. Chem. Physics, 1933, i, 280. 


= -1 
[b) 

W = - = - 

(d) ^ 

C,H, 
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and compared with Conlson's diagrams. In the molecular-orbital dia- 
grams on the left the number on an arrow attached to any carbon atom 
denotes the free valence at that atom, and the number along the bond 
denotes the mobile bond order. In the mesomelic molecular diagrams 
on the right, the corre^onding quantities are the indicB de valence litre 
and the indice de liaison.^ 

The agreement between the two methods is very good. It is probable 
that it would be better if we had introduced the polyexcited stractures. 
However, it is easy to see that the two methods lead to the same general 
results. 

In particular we can say that : 

(i) there is a great difference between the classical formulae and the 
quantmn diagrams ; 

(ii) the loiter ihe chain the more significant are the fluctuations of 
the ii^ice de liaison from one bond to another ; 

(iii) on the contrary, the fluctuations of indice de valence litre 
become smaller ; 

(iv) the more reactive parts of a radical are its two ends, because they 
possess the g^test indice de liaison and the greatest indice de valence litre ; 

(v) this indice de valence litre decreases when the number of v 
electrons increases. On the other hand the indice de liaison increases 
with this number. 

All these general results may be seen also on the molecular-orbital 
diagrams. A comparison soon shows how good is the agreement between 
the two methods. 

Faculti des Sciences de Paris, 

Paris. 

THE ELECTRONIC STRUCTURE OF SOME 
FREE RADICALS. 

By Mde. Axbsrte Puixiian. 

Received 12th July, 1947. 

Three stages may be distinguished in the quantum-mechanical in- 
vestigation of free radicals. The first one, which followed immediately 
the creation of quantum-mechanical methods of studying organic mole- 
cules, was mostly occupied with the determination of the reasons of stability 
of free radicals. Both the molecular-orbital method and the electron-pair 
method led to similar conclusions explaining the stability of free radicals 
by the formation of additional structures, the resonance among which 
stabilises the molecule by an extra " free-radical resonance energy 
The calculation of Uiis fre^radical resonance energy carried out by &ese 
two methods * gave a satisfactory account of the relative stabilities of a 
la^e number of free radicals, though in some cases supplementary steric 
effects were admitted. Some recent calculations ’ complete the list of 
resonance energies established before. 

^ Previously, a somewhat similar qualitative treatment of the question has 
been mven by Burton and Ingold {Proc. Leeds Phil. Soc., 1929, 1, 421) and by 
Ingola {Trems. Faraday Soc., 1934, 30, 52) who tried to explain the relative ^bilitiM 
of the free radicals in tarms " degeneiescence of a great number of tautomeric 
forms.** 

‘Hfickel, Z, Physih, 1933, 83, 63a; Trans. Faraday Soc., 1934, 30, 40. 
Pauling arul 'Wheland, J. Chem. Physics, 1933. 370 ; X934, 4 ^ 2 * 'Wheland, 

ibid., 193^ a, 474. 

• Wheuand. J. Amnr. Chens. Soe., 194Z. 63, 2023. Syrkin and Diatkina, 
Acta Physicochim., 1946, ai, 641, 
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In the second stage of the investigation attention has been dravra 
to other structural features of free radicals, mostly to the bond order and 
to the bond length of the different C — C links. By TriftanB of thfi molecular- 
orbital method, Coulson has evaluated * the length of the IiuItr in linear 
free radicals of general formula and Penney and K3mch have 

given * the intemuclear distances m the phenyl-methyl radical, estimated 
by means of the dectron-pair method with the use of Penney’s deffnition 
of bond order. 

FinaJly, the third stage of this study, which started just a short time 
ago, is diluted towards the determination of the electronic constitution 
of free radicals. New notions have been introduced both in the molecular- 
orbital method ' and in the electron-pair method ^ which are particularly 
valuable for the interpretation of tlm chemical behaviour of molecules. 
Coulson • has employ^ his concept of free-valence number for the study 
of the configuration and reactivity of the homologous series of linear 
free radicals In this paper we want to examine the same 

series of linear ramcals from the electron-pair method point of view and 
to extend the study to aromatic free radicals. 

The Method of Galculatioii. 

The method employed is that established by R. Daudel and A. Pullman,* 
account being taken of the definitions introdnced by P. DandeL* The values 
which have been ascribed previously to the Svartholm's xottss is lustson and 
tones de somrnet are here consideied as reprraenting respectively twice the bond 
order of the total C-~C link, and the free-valence number of the carbon atom under 
consideration. These definitions are adopted here for the sake of their analogy 
with those employed by Coulson. Otherwise they represent evidently in different 
terms the same quantities as those which have been used previously by R. 
Daudel and A. Pullman, i.e. respectively the quantity of coupled electrons 
located upon a given link and the quantity of free electrons in the neighbomhood 
of a given carbon atom. 

It should also bo stated that the bond order as defined by P. Daudel, being 
the same as that iutroduced by Pauling, Brockway and Beach,* suffers from all 
the drawbacks of the latter and especially from those which have been pointed 
out by Penney.^* In the present paper stress will be laid essentiedly upon the 
fr^vfiJeuce numbers whi<h are the more important quantities in the deter- 
mination of the chemical features of molecnles. 


Linear Free Radicals of the General Formula Can+iHsn+s* 

In order to have a good basis for the comparison of our diagrams with, 
those of Coulson we have calculated the electronic configuration of the 
linea r free radicals CsH,. CjH,, C,Hg, taking into account all the pebble 
structures for CjHj and C5H, and the two classes of unexcited and singly- 
excited structures for C7H9. The two doubly-excited structures neglect^ 
in the case of C^H, are undoubtedly of very little importance. Table I 
contains the data concerning the relative importance of the different 
classes of structures, all the formulae of a giv’en class being considered as 
equally important. The method employed for the establishment of the 
secular equation is that of Pauling • introducing a phantom electron, 

* Coulson, Proc. Ray. Soc. A, 1938, 164, 383. 

* Penney and Kynch, ibid., 409. 

« Coulson, Trans. Faraday Soc., 1946, 4a, 106, 263. 

* R. Daudel and A. Pullman, Compt. rend., 1946, aaa, 663 ; J. Physiq%te, 
1946. 7» 59, 74, ro5- 

* P. Dandm, Compt. rmi., 1946, 333, 947. 

* Pauling, Ifoock^y and Beach, J. Amer. Cham. Soc., 1935, 57, 2705. 

Penney, Proc. Roy. Soc. A, 1937, 3o6- 

*J. Chem. Physics, 1933, i, 280. 
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The corresponding molecular diagrams are listed in Fig. i, the numbers 
placed upon the C — C liuTfs indicating the bond order of the l ink and the 
numbers placed upon the C atoms indicating the free valence of the atom. 

Table H contains a representation of the evolution of the most important 
features of the configuration of the linear free radicals as a function of the 


TABLE I. 


Free Kadical. 

Claas of Fonnula. 

Trpe of Formube.* 

Number. 

Importanoe in %. 

CsH, 

Unexcited 

^ * 

2 

ICO 

CaH, 

Unexcited 

— • 

3 

95 


Singly excited 


2 

5 

C,H, 

Unexcited 

— — — 

4 

90-4 


Singly excited 
Doubly excited 


8 

2 

9-6 

neglected 


length of the liTik ; the results are in excellent agreement with those obtained 
by Coulson. 

In the course of the preparation of the present paper Mr. Daudel has 
informed us that he has also constructed molecular diagrams of the above 
radicals, talring into account only the unexcited structures; and that 

joo 

^ ^5 


.347 ,025 ,317 

^ H H 


JU.I 


m .367 
H 


CgHj 


.tffi .024 



J50 -013 

H H 


•250 


•s 


Ml 


.0Zl4 

H 


.238 

-CH, 


CyHg 
Fro. I. 

already in this approximation the general agreement with Coulson’s 
was M.’Hfffae toTy. The introduction of the excited structures 
ftna. bltw the agreensent to be somewhat better, especially by introducing a 
free>valence number upon aH the C atoms. 

It should be noted that tiie most important features of the structure 
of these free radicals, such as the particular concentration of free valence 

* The sign • indicates the position of the odd electron. 
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at the end-atoms and its decrease 'with the increasing length of the chain, 
the high bond order of the end-lmks and the general tendency of the mole- 
cule to unifonnise as the chain lei^hens, are similar to those found by 
B. Pullman in the linear unsaturated hydrocarbons The 

presence of the odd electron in the free radicals of course causes the free- 
valence numbers of these molecules to be much higher than those of the 
conjugated systems. 

The resonance energies of the free radicals calculated in the present 

TABLE II. 


Free 

Radical. 

The Greatest 
Fne>Valence 
Kmnber. 

ThelCean 

Fzae-Valence 

Number. 

The Greatest 
Bond Order. 

The BCean 
Bond Order. 

CgHf 

g 

0-333 

0-5 

0-5 

C,H, 


0-320 

0-633 

0-487 

CtH, 

■9 

0-177 

0-702 

0-484 


work are as follows : o*5a for CaHg, 0-8550. for CgH,. and 1-1650 for C^Hq, 
a being Pauling's usual exchange mteg^. 

Aromatic Free Radicals. 

A. General Structure. 

The molecular diagrams of this class of free radicals have been con- 
structed by talcing mto account only the unexcited structures whose 
coefficients in the molecular wave function have been calculated by Pauling 
and Wheland.* Table III gives the relative importance in of the dif- 
ferent formulae deduced from the data given by these authors. (The 
types of the formulae are those indicated by Pauling and Wheland.) 

The fant that the molecular diagrams of the aromatic free radicals 
have been built up by taking into account only the unexcited structures 
implies that, sdthough they give a general idea of the constitution of th^ 
molecules, they cannot be used for a direct comparison of all the mole- 
cules among themselves. The differences in the relative importances of 
the excited structures must be quite great between, let us say, the bi- 
phenyhnethyl and a naphthylmethyl * and their introduction would 
surely modify the comparative features of these two free radicals.f But 
nevertheless the free rafficals studied here may be divided into a few groups 
and within them a useful comparison may be drawn between the different 
molecules. 

It is easily shown that the comparative study may be done essentially 
in two cases : (i) in the case of free radicals containing the aarrift aromatic 
nucleus and diEering only in the petition of the attained methyl group, 
(2) in the case of fr^ radicals containing different numbers of the same 
nuclei. 

The corresponding molecular dmgrams are listed in Fig. 2, the sig- 
nificance of the numl^rs being the same as in Fig. z. 

u B. PaUixum, Compt. rmd., 1947, asg, 6z. 

* That this is the case may he seen from the marked difiexences in the relative 
importances of different dasra of structures in naphthalene (as evaluated 
Sherman, J. Chem. Physics, 1934, a, 488) and in biphenyl (as evaluated by B. 
Pullman, Compt, tend,, 1946, aaa, 1106}. 

t It may be point^^ out that the resonance eneigies which are not modffira 
greatly by ffie introduction of exalted structures do not suffer from this handicap. 
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TABLE III. 


Free Radical. 

The Type of the Fonaala. 

Nomber of 

ImportanoB 

The Place of the Odd Electron. 

Fonnute. 

%. 

Phenylmethyl • . 

methyl group 

2 

62-8 


phenyl „ 

3 

37"^ 

Biphenylmethyl . 

methyl „ 

4 

58*6 


biphenyl 

9 

41*4 

j 3 -Naphthylmethyl 

methyl „ 

(^mm. napht.) 

I 

23*1 


methyl group 
(unsymm. napht.) 

2 

357 


naphthyl group 

6 

41*2 

a-Naphthylmethyl 

methyl group 
(^*mm. napht.) 

I 

20*0 


methyl group 
(unsymm. napht.) 

2 

31-1 


naphthyl group 

7 

48*9 

Bluoryl .... 

methyl group 

4 

43-8 


biphenylene-i 

8 

40-1 


biphenylene-2 

4 

i6*i 

Diphenylmethyl . 

methyl group 

4 

38*9 


phenyl „ 

12 

6i*i 

Phenylfluoryl 

methyl „ 

8 

23*0 


phenyl „ 

12 

27-9 


biphenylene group 

24 

49-1 

Biphenyldiphenylmethyl 

methyl group 

x6 

2 Z>X 


phenyl group 

48 

49*8 


biphenyl „ 

36 

29*1 

Triphenylmethyl . 

methyl „ 

8 

19*6 


phenyl „ 

[para position) 

X 2 

22*9 


phenyl group 
(01^ position) 

*4 

37*5 

Phenyldibiphenylmethyl 

methyl group 

32 

22*1 


phenyl „ 

48 

23*6 


biphenyl „ 

144 

54*3 

Tribiphenylmethyl 

methyl „ 

64 

23*2 


biphenyl „ 

432 

76*8 

j^-Naphthyldiidienylmethyl . 

methyl „ 

12 

20*3 


phenyl „ 

36 

50*4 


naphthyl „ 

24 

39*3 

a-Naphthyldiphenylmetbyl . 

methyl „ 

12 

18*2 


phenyl „ 

36 

46*4 


naphthyl „ 

28 

35*4 


* There is a numerical error in Pauling and Wheland's calcnlatioffn of the 
coefficients of the two groups of formula in the wave function of this free radical, 
which is not included in the ^neral enatum given by this author (7. Cham. 
Physics, 1934, ^ ratio of the coefficients of the two groups of formala 

should be 1 : 0'bzd instead of i ; 1*0279. We ate indebted to Prof. Coulson 
ixx having suggested, from the general aspect of his own (nuo.) diagrams of mono-, 
di- and tri-phenyUnsth^l radicals (see this Discussion) the existence of this error. 
The values given in this table axe the corrected ones. 
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•//4 





J[. D/phtn^lin*th^. 



Tr/ph*»tffm^h^t. M. B/phtnt^nttthyl. 




JZT Biphtfty! efiphtny! mefh^l, 



MiPAtfry/ ch'byMnybmJ'hyL 

Fxa. 2. 


.0(0 



32 


ELECTRONIC STRUCTURE OF FREE RADICALS 






•oai 



JSZT. Ph*r)^luoryL 


2Zr. FluoryL 


Ttrn. 



ALBERTE PULLMAN 


33 


B. A Comparative Study of some Groups. 

(i) jS-NAPHTHYLMETHYL, a-NAPHTHYLMETHYL. — ^This Comparison leads 
to the same results as those which would be obtained in comparing j3- and a- 
substituted naphthalenes, carrying at these positions an electron-donating 
group. The relative values and the distribution of the free valence in 
the naphthalene nucleus are those which would be predicted by the appli- 
cation of our naethod of evaluating the influence of substituents upon the 
electromc structure of aromatic molecules and by the application of 
the general rules given by B. Pullman.^* Namely, the highest con- 
centration of the free valence on the nucleus is located at the 2- and 4- 
positions of the a-naphthylmethyl and at the i-position of the )3-naphthyl- 
methyl. The total electron loss of the methyl group, measuring the degree 
of conjugation of the free electron, is greater for the a-position than for 
the jl-position and consequently the bond order of the link Cmetii. — Cuom. 
is greater m the a-naphthylmethyl than in the j9-naphthylmethyl. In 
this case, as in others which are well suited for a comparative study, the 
order of the aryl hydrocarbon groups m promoting radical stability as 
determined by the v-alues of the extra free-radical resonance energy goes 
parallel with the order of increasing conjugation as determined by the 
diminution of the free-vulence number of the methyl group.* 


TABLE IV. — ^Thb Most Outstamdznc Features of the Structitre of tbe 
Aromatic Free Radicals Represented in a Concise Way. 


Free Radical. 

Decrease 
below 
Uoity of 
the Itju 

F.v.n. of the Rest 
of moU 

Bond Order of 
Cmeth. —Carom. 

The 

Highest 
Bond 
Older of 


of 



the rest 


Meth. gr. 

Greatest. 

Mean. 


of mol. 

Phenylmethyl 

0-373 

0-124 

0-124 

0-372 

0-562 

Biphenylmethyl . 
jl-Kaphthylmethyl 

0-414 

0-412 

0-094 

0-137 

0-070 

0-082 

0-414 

0-412 

0-614 

0-754 

aphthylmethyl 

0-489 

0-139 

0-098 

0-489 

0-635 

Huotyl .... 

0-562 

O-IOO 

0-093 

— 

0-560 

Diphenylmethyl . 
Phenymuoryl 

o-6ii 

0-770 

0-102 

0-093 

O-Z02 

0-086 

0-305 

0-551 

0-504 

Biphenyldiphenylmethyl 

0-789 

0-083 

0-065 

0-291 0-249 

0-581 

Tnpheuylmethyl 

0-804 

0-096 

0-089 

0-268 

0-538 

Phenyldibiphenylmethyl 

0-779 

0-079 

0-052 

0-236 0-271 

0-576 

Tribiphenylmethyl 

0-768 

0-057 

0-042 

0-256 

0-571 

^-Naphthyldiphenylmethyl . 

0-797 

0-098 

0-073 

0-293 0-352 

0-715 

a-Naphthyldijphenylmeihyl . 

0-S18 

O’IOZ 

0-074 

0-354 

0-633 


The results obtained in the case of j3-naphthylmethyl and a-naphthyl- 
methyl may be estended to higher aryl groups and it can easily be shown 
that for a given aryl group (and if steric effects are neglected) the con- 
jugation power of the odd electron and the stabilising power of the group 

A. Pullman, Ann. Chim., 1947. i- 
“ B. Pullman, Compt. rend., 1946, 333, 1396. 

* This comparison may include the jdimylmethyl radical. This has not 
been done dire^y as the results have been somewhat obscured by the numerical 
error explained b^ote. When this is done it can easily be seen that in agree- 
ment with B. Pullman’s general rules ” of which the principal states that Me 
poteer of conjugation of a given substituent is proportional to the free valence of 
the carbon atom carrying it, the degree of conjuntion of the odd election is greater 
in the naphtiiylmethyl radicals than in phenylmethyL (F.v. equals 0-073 
in benzene, 0-098 for a C atom in the p position and 0-122 for a C atom in tlto 
a position in naphthalene.) Another of these rules which states that the mean 
perturbation of the free valence of the hydrocarbon, produced by a substituent, 
decreases with the increase in the size of the molecule carrying it, is also verified. 
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axe the Mghest when the methyl group is attached to the carbon atom, 
which had the greatest free-valence number in the unsubstituted mole- 
cule ; e.g. g-antbryl should be better in promoting .Radical stability than 
r-anthryl which in turn should be better than 2-anthryl. 

(2) Phbnylhbthyi., Diphbnylmethyl, Triphenylmkthyl. — ^The 
essential points resulting from this comparison are : 

(a) the steady decrease in the £re«-valence number of the methyl 
group on the adjunction of a new phenyl group : 

(S) the steady decrease, as the number of the phenyl groups increases, 
of the free-valence numbers of the phenyl carbons ; 

{c) the steady decrease, in the same conditions, of the bond order of 
the Cnsui* ~'~Cuoiik< hnir ] 

[d) it should be noted that the differentiation, in the case of triphenyl- 
methyl, between the weights of the structures containing the odd electron 
at the ortho- or ^aro-positions of the phenyl groups indicates a higher con- 
centration of £ree valence at the or^Ao-positions. This is probably a 
general case and should be compared with the results obtained recently 
by B. Pullman in the study of the electronic conffguration of polyphenyl- 
ethylenes and poljTphenylbeiuenes.^* 

(3I Biphenyuicethvi,, Tribiphenylmethvx. — ^It is easily observed 
that there is a marked diminution in the residual free valence of the method 
group on the adjunction of a new biphenyl group. As the number of 
perturbed biphenjd carbons increases rapidly, there is a steady decrease 
in the free-valence numbers of these atoms in spite of the increasing 
conjugation of the odd electron. In all cases the \'alues of the free-\*alence 
numbers of the atoms belonging to the nucleus adjacent to the methyl 
group are higher than those of the other nucleus. 

{4) The remaining groups such as jB-naphthyldiphenylmethyl, a- 
naphthyldiphenyhoethyl and biphenyldiphenyhnethyl, phenyldibiphenyl- 
methyl may also be compared, but in th^ cases some important modiff- 
cations may perhaps be introduced if the excited structures were taken 
into account. 

(5) A particular group is formed by the fluoryl and phenylfluoryl 
radic^. The adjunction of a phenyl group produces a strong increase 
in the conjugation power of the odd electron and consequently a decrease 
in the residual f^ee-^'ale^ce number of the methyl group. The mean free- 
valence number of the fluoryl nucleus has also decreased. In coimection 
with this it may be observed that the degree of conjugation of the odd 
electron in fluoryl may be compared with t^t of the (^d electron in other 
free radicals containing the same total number of electrons, e.g. in di- 
phenylmethyl and biphenylmethyl. It is seen then that the decrease 
(from unity) of the free-vsdence number of the methyl group is highest 
in the most stable of these radicals (diphenylmethyl) and -^e lowest in the 
less stable (biphenylmethyl). 

G. The Importance of the Six^y-excited Stmctnres. 

In order to have an idea about the approximate importance of the 
neglected excited structures we have also calculated the molecular diagram 
of phenylmethyl, taking into account besides the structures considered 
by Paultog and Wheland also the flve singly-excited structures containing 
the ineffe^ve link inside the benzene nudeus. On considering, as a first 
ai^HTOximation, that the unexcited structures on the one hand and the 
singly-excited on the other are equally important among themselves, we 
obtem for the relative weights of these two groups of structures, 85 "/<, for 
the unexcited structures siM 15 for the excited ones. This is probably 
ihe ordm: of magnitade of the error committed by neglecting the excited 
structures in this particular case and the error is undoubtedly greater 

PuUman, Compt. rmd., r947, 224, 1773. 
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for bigger molecules. It is interesting to note that it seems that the error 
is of the same order of magnitude as that committed by neglecting the 
excited structures in the corresponding hydro- 
carbons. 

The molecular diagram of phenylmethyl con- 
structed with these new data is represented in 
Fig. 3. It may be seen that though the absolute 
values of the free valence and bond order dis- 
tribution are modified this does not change the 
general conclusions reached before. 

OSS 

Gondttsions. 

In conclusion it may be stated that the general 
aspect of the molecular diagrams of the free Pht/iy! mtthuL 
radicals explains the particular reactivity of these 
molecules, in the same way as the molecular Fig> 3- 

diagrams of polycyclic hydro-carbons gave a satis- 
factory account of their behaviour.’* 1* The free valence, though it 
seems to be wdely spread over the whole molecule, remains never- 
theless strongly concentrated at the methyl group, which should form 
a centre of a particularly high reactivity. Tl^t it is so, may be 
seen from the well-known reactions of the free radicals. We fiba-ll not 
enumerate them in detail as a full account of them may be found in any 
modem treatise of organic chemistry.^® Let us, however, mention, for 
the t3^ical example of triphenylmethyl, some of the most common ones 
such as easy fixation of halogens to give (CeH,),C— Hal., fixation of alkali 
metals to give (C^HglsCM, of hydrogen to give triphenylmethane, of oxygen 
to give a peroxide (CgHgjjC — Oj--C(CgHg)8, etc. 

Rteum6. 

La m^thode des diagiammes niol6culaizes de R.. Daudel et A. Pullman est 
employ^ tout determiner la distribution de I'indice de valence libre et de 
I’indice de liaison dans les xadicaux fibres lindaires et aromatiques. Les rdsultats 
concemant les radicaux fibres fineaires sont en accord avec ceux obtenus par 
Coulson & I'aide de la methode des orbites iaol6culaireB. On donne une dtude 
conmarative des difierentes classes de radicaux aromatiqnes et on montre que 
les (fiagtammes dlectroniques ainsi obtmins rendent bien compte de la reactivity 
particufieie des molecules etudiees. 

Zusammenfassung. 

Die Methode der molekularen Diagramme von R. Daudel und A. PuUmann 
wird zor Bestiinmung der Verteilung des '* Indexes der freien Valenz " imri der 
Bindnngsordnung in geradfinigen nnd aromatischen freien Radikalen benfitzt. 
For geradlinige freie Radikale stehen die Rrgebnisse mit den nach der Methode 
der moleknlaren Eloktronenbalmen von Coulson erhaltenen im Rinklang. Die 
verschiedenen Klassen von aromatischen Radikalen werden vergleichsweise 
untersucht. Die so erhaltenen Rlektronendiagraznme stinunen gut mit der 
speziellen ReaJctivltftt des untersuchten MnlwIrmB nberein. 

InsHtut du Radium, 

II, rue Pierre Curie, 

Paris, 5. 

e.g. Pascal, Traiti de Chimie Organiqug de Grignard et Baud, Tome 2, p. 761. 
Ba c hm an, Organic Chemistry (Gilman), VdL I, p. 589. 
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excited state wotild not therefore be expected to be much more reactive 
than the singlet groimd state, with normal benzyl lying half-way between 
the two. 

Valence-Bond Treatment. — Using the valence-bond method, Syrian 
and co-workers ’ £nd the resonance energy of quinodimethane (I) to be 
I >05 a, or about 38 kcal. This value compares well with the molecular- 
orbital value of I-93J3, giving the usual value 0-55 for the ratio jS/a. With 
structures of the t}^:^ shown in (V} (a sUghtiy less complete set than 
that of Namiot, Diatkma and Syrkin), the energies of the ground and 
first excited states are Q -f- a-gosa and Q -j- o-igga, leading to a ground- 
state resonance energy of 0‘go5a and a transition energy of 2'7o6ce. The 
predicted long-wave absorption band (a forbidden transition) would lie 
at about 2360 a. The compound should thus absorb in the ultraviolet. 

For the triplet (biradic^) state structures of the types shown in (VI) 
were used : 



Singlet structure types. Triplet structuTe types. 

V. VI 


The lowest triplet level is at Q -f i-88a. Thus the separation between 
lowest singlet and lowest triplet is about 45 kcal., a value very much 
greater th^ that from the molecular-orbitsLl treatment. The resooance 
energy of the triplet state (relative to a single triplet structure) is i‘38a, 
or a^ut 49 kcal. It appears that ihere would be a negligil^y small con- 
centration of diradicals in equilibrium with molecules at room temperature. 

Calculations of bond or^r, using the definition of Penney,* are shown 
for the molecule (VII) and the diradical (VIII). These are to be compared 
with (III) and (TV) respectively. The comparison appears satisfai^ry 
when the difierent definitions of bond order in the two cases are noted. 




Triplet state. 
VIII. 


There is no justification in the literature for the use of a <=• 1*92 e.v. 
in valence-bond resonance-energy calculations, as has been done by Szwarc 
in connection with the resonance energy of the benzyl radical. On the 
evidence at present a-v^iilable the value a — i >4 or 1*5 e.v. is indicated for 
the calculation of resonance ene^es, and the value 1*92 e.v. for the 
calculation of energy-level separations (transition eneig^ies or singlet-triplet 
separations). It is possible, however, that a difEeiwt value still will 
prove to be appropriate to the discussion of free radicals. The values 
above are thoM us^ in the present calculations. 

Another point in Szwarc's paper to which attention may be drawn 
is the follow^. The high reaotmty of large aromatic molecules, such 
as mbrene and pentac^ne, which has been taken by some people as an 
argument in favour of their biradical st r uc ture can easily be interpreted, 
in the usual language of v.b. molecular-diagrams method, by saying that 
these molecules present a particularly high concentration of free valence 
at the carbon atoms at fusM rings. In a recent paper * curves are drawn 

* Penney, Proc. Roy. Soc. A, 1937, 3°®- 

* Pullman, At$n. Chim., 1947, a, 5. 
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which effectivdy show that there is a steady increase in the mean and 
TriftvimiiTn free valence of aromatic molecules with increasing number of 
condensed benzene nuclei. It can also be shown that in ^e series of 
linear pol3muclear hydrocarbons the polarisabUity of the molecules to 
approacbi^ reagents becomes eaamr when the chain lengthens,^ which 
also accounts quite well for the great reactivity of the above large molecules. 

Two of us (D. P. C. and A. M.) wish to acknowledge tenure respectively 
of Tomer and Newall and I.C.I. Fellow^ps in the University of London. 

Suminary. 

Calcnlatioiis of energy, bond order, and free valence are reported for the 
molecule and diradkal ^Mq^oinodiinethane. Both the molecular-orbital and 
valence-bond methods are used. The resonance energy of the molecule is the 
same in both methods, namely 38 kcal. The resonance energy of die tiij^t 
(diiadical) quinodimethane is 49 kcaL in the valence-bond treatment, 
separation between ground-state singlet and lowest triplet state is much greater 
in the valence-bond treatment (45 kcal.) than in the molectilar orbital (9 kcal.l. 
In either case however there would be a negligible concentration of radicals 
in equilibrium with molecules at room temperature. The molecule has an un- 
usually large free valence on the terminal carbon atoms. This fact would be 
associated with a high reactivity at these carbon atoms. 

R^sum^. 

On calcule, & la fois par la m^thode des orbites moldculaires et par celle des 
liaisons de I'alence, les valeurs de rdnergie, de Tordre de liaison et da la valence 
Ubre pour la molecule et le biradical ^M][ujnodim6tbaue ; pour la mol^ule, 
I'dne^e de resonance est de 38 Imal. par les deux mdthodes, et pour le triplet 
du bi^ical, de 49 kcal. par le mithode des padres ^lectroniques. h^tre le sii^ulet 
de r^t normal et Tdlnt le plus has du triplet, la separation est de 45 kcal. 
(mdthode des paiiea eiectroniques) et 9 kcal. (methode des orbites moiectdaires) ; 
pour chacune de oes valeurs. la concentration des biradicaux en equilibre avec 
les molecules k la temperature ordinaire est n^^eable. La molecule a, sur 
Tatome de C terminal, une valence libre anormatement grande, qui est associee 
k la haute reactivite de ces atomes de C. 


Zusammenfassiuig. 

Berechnungen der Eneigie, Bindungsordnung und teeien Valenz des MolekOls 
und des Diradikalzustandes von ^-Chinodimethan werden berichtet. Sowohl 
die " Methode der molekularen Elektronenbabnen " als auch die " Valenz- 
bindungsmethode " wnrden angewendet. Beide Meihoden geben den ^Ve^t 
38 kcal. fflr die Hesonanzeneigie des Molekhls. Die Resonanzeneime des Triplet- 
znstands (Diradikal) ist 49 kcal. bei Benhtzung der Valenzbindungsmethode. 
Die EneigiedrSerenz zwischen dem niedrigsten Singletzustand und dem niedrigsten 
Tripletzustand ist in der Valenzbindungsmethode weit grosser (45 kcal.) ^ in 
der Methode der molekularen Elektronenbabnen (9 k^.), ab^ ans heiden 
Besnltaten ergibt sich, dass die Anzahl der Badikale, die bei Zimmertemperator 
mit MdleklUen un Gldch^wicht sind, verschwindeixd klein ist. Das MblekQl 
besitzt eine ausserordentU^ grosse freie Valenz an den Endkohlenstoftetomen, 
woraus sich eine hohe Reaktivit&t an diesen Atomen ergeben whrde. 

King's College, London. ImUtnt du Radium, 

University College, London. Paris. 


f Wheland, J, Anter. Ghent. Soe., 1942, 64, goo. 



THE RESONANCE ENERGY OF THE BENZYL 

RADICAL. 

By M. Szwarc. 

Received ii/A August, 1947. 

Recent investigation of the pyrolysis of toluene and the xylenes ^ 
has shown that the resonance energy * of the benzyl radical is 24-5 kcal. 
This is considerably higher than the generally accepted value as calculated 
by Pauling and Whel^d* by the electron-pair bond method, and stiU 
higher than that calculated by Hiickel,® using the molecular-orbital method. 
The calculations of Pauling and Wheland gave 16 kcal. for the resonance 
energy of this radical whereas Hhckel estimated it as zi kcal. It would 
therefore be interesting to review the e\'ideuce from other sources in the 
light of these conflicting ^'alues. 

Qualitative Evidence. — It has been recognised from experimental data that 
the benzyl radical possesses great stability ; thus, of the moxe complex organic 
radicals, it is the only one which has been detected by the Paneth techr^ue. 
Paneth and Lautch * obtained it by ihe decomposition of Sn(CH| . and 

CfHgCHj . CO . CH, . CaH,, and also by ihe reaction between benzyl chloride and 
sodium atoms. They found its hatf-nfe time in hot tubes to be 6 x zo~* sec. 
Hein and Hes^,^ using a technique Hiiniltir to that developed by Rice, detected 
the benzyl radical among the pr^ucts of pyrolysis of toluene, and were able to 
identify it in the form of mercury dibenzyl. The above-mentioned authors con- 
cluded from their work that the weakest bond in toluene is the C — bond of 
the methyl group, and this indicates that the resonance energy of the benzyl 
radical must be more than 17 kcal. 

The stability of ihe benzyl radical wras demonstrated by Horrex and Szwarc,* 
who found that this radical did not combine with oxraen up to 500® c. ; moreover, 
no reaction was detected with either hydrogen, N,0 or NO under similar con- 
ditions. X>uring his study of polymerisations initiated by benzyl radicals, Mark * 
came to similar conclusions regarding the non-reactivity of '&e benzyl radical 
with oxygen and NO. This high degree of stability of the benzyl radical suggests 
a high v^ne for its resonance energy ; although, of course, it is impossible to 
draw any quantitative condusion from these kind of data. 

Evidence Concerned with. Sodium-Flame Reactions. 

Quantitative deductions can be made, however, from the studies of Folanyi 
and his collaborators conducted in connection wdtii 1^ reactions between the 
organic halides and sodium atoms. Let us consider the following two reactions ; 

RjCl -H Na-»- Ri + NaCl 
RjCl -H Na-»- R, -|- NaQ 

for which the energies of activation are and E, respectively. Let us assume 
that the C — Q bond energy is Rj for RiCI, and R, for R^Cl. Evans and Polanyi “ 
deduced that 

-Ei-E,= -y.(Ri-R,)t 

* Resonance energy of radical = additional resonance energy existing in the 
radical but not in the undissociated molecule. 

t In the original paper H (heat of reaction) is used instead of R. Because in 
this case AH = AR, it is possible to use R instead of H. 

^ Szwarc, Nature, 1947, itfo, 403 ; J. Chem, Physics, 1948, 16, 138, 

* Pauling and Wheland, J. Chem. Physics, 1933, i, 362. 

* Hhckel, Z. Physik, 1933, ®3» 63** 

* Paneth and Lautch, J. them. Soc., 1935, 380. 

' Hem and Mesde, Bar. B, 1943, 76, 430. 

* Hoiiex and Szwarc (to be pnblislied). 

'* Private communication of Ptof. Herman Mark. 

* Evans and Polanyi, Trans. Parade^ Soc.. 1936, 33, 1933 ; ibid., 1938, 34, 22. 
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and it 'wns shxjwn by Butler and Polanyi * that y has a value of 0-27 — 0*28. 
If we assume that the difference for CH,C1 and C|H<CH|C1 is ^ual to 

the resonance energy of tiie benzyl radical, we can calculate this quantity from 
the corresponding energies of activation for the reactions with sodium atoms. 
The energy of activation for the reaction between sodium atoms and CH,Q was 
measured by Heller and Polanyi and found to be 9*7 kcal. The corresponding 
reaction wi^ benzyl chloride gave 2*5 kcal. (Evans and Walker 1^} for the energy 
of activation. Thus we get the resonance energy of the benzyl radical as 26 
kcal. This value should be even hi gher because of the additional resonance 
energy due to the ionic contribution to the ground state of the molecule,^ which 
is greater for benzyl chloride than for methyl chloride. 

Let us briefly repeat the method used by Evans and Polanyi to calculate the 
energy of activation for the reaction between the organic halide and the sodium 
atom. The transition state was found by the intemection of the Morse curve, 
representing the energy of the E. — Q bond, wi^ the repulsion curve, coiie^ond- 
ing to the system R— as is shown in Fig. i. 

It must be remembered that the relationship between E and B was obtained 
by the above-mentioned authors on the assumption t^t the repulsion curve for 


Energy. 



R and Cl~ has the same shape for all radicals R. However, it is reasonable to 
assume that the repulsion curve is fitter if the polauisibility of the R rachcal 
is greater.* Therefore the repulsion curve will be flatter for the benzyl radical 
than for the methyl radical, and this will cause a relatively greater decrease in 
energy of activation in the reaction between benzyl chloride and sodium atoms 
than was e3q)ected from previous considerations (as is seen from Fig. i). Thus 
we condude that the resonance energy of the bmizyl radical, calcnlat^ above on 
the previous assumption, is rather too high. 

* Butler and Polanyi. Trams. Faraday Soc,, 1943, 39, 29. 

^‘Hdler and Polanyi, ibid., 1936, 33, 633. 

u Evans and Walker, ibid., 1944, 4^« 3^4- 
Baug^ian, Evans and Polan^, ibid., i^i. 37, 377. 

* The effect of the polarisibility will be specially pronounced in the benzyl 
radical, where the dectron transfer from the C atom of the methyl group to the 
benaane ring should occur quite easily under the influence of the approaching 
Cl”ion. 
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The Value of a. 

Let ns now turn to the theoretical treatment of the resoiumce energy 
of the benzyl radical as worked out by Fhuling and Wheland. The 
treatment of Pauling and Wheland * leads to 0*5092 a for this resonance 
energy, where a is the single exchange integral involving adjacent carbon 
atoms. They contend that there is considerable evidence for the value 
a = 1*4 e.v. (32*2 kcal.), and thus they obtained 16 kcaL for the above- 
mentioned resonance energy. However, it is possible that the value of 
a is much higher. For example, Sklar calculated the value of a using 
Kistiakowsky's data for heat of hydrogenation of benzene and cyclohexa- 
diene, and obtained a = 1*92 e.v. This value was Tised by him to cal- 
culate the fluorescent spectrum for benzene and other unsaturated hydro- 
carbons, and gave results in excellent agreement with experimental 
observations. Assuming SMar’s a-^mlue, we get for the resonance energy 
of the benzyl radical the value of 22*5 kcal., which is in a fair agreement 
with that obtained from the study of the pyrolysis of toluene (24*5 kcal.). 

The Problem of the G — G Bond in Dibenzyl. 

In connection with the resonance energy of the benzyl radical, it is 
relevant to discuss the problem of the C-^ bond energy in dibenzyl. 
The dissociation of dibenzyl into two benzyl radicals should require 
2 X 24*5 kcal. less energy tl^ the dissociation of ethane into two methyl 
radicals due to the resonance energy of the benzyl radicals. Assuming 
the C — C bond energy in ethane to be 85 kcal.,^^ we should expect the 
C — C bond energy in dibenzyl to be equal to 36 kcal. 

It is possible to calculate this l:^nd energy, knowing the heat of 
formation of toluene (given recently by Prosen, Johnson and Rossini 
as — 11*95 kcal.), the heat of formation of dibenzyl (estimated by Parka 
as — 27*8 kcal.) and the bond energy of the C — bond in toluene (77*5 
kcal. from data obtained by the pyrolysis of toluene i). Thermocliemical 
calculations based on these data give a value of 47*1 kcal. for the C — C 
bond in dibenzyl. 

The diflerence of 11 kcal. between these two values for the bond energy 
of the C — C bond in dibenzyl, we interpret as a strengthening of this bond 
compared with the pure single C — C bond. This strengthening may be 
explained in terms of the partial double-bond character of bond, re- 
sulting from the contribution of structure (I) to the ground state of the 
molecule. The structure (I), due to the hyperconjugation, gives a com- 
pletely conjugated S3rstem. 

C,H, . CH CH . CeH, . . . . (i) 

(H) (H) 

The above-mentioned partial double-bond character should reveal 
itsdf by a shortening of the C — C bond in dibenzyl. The leng^ of this 
bond was measured by JeflErey and was found to be 1*48 a. ; that is, 
0*06 A. shorter than -tee normal single C— C bond. By means of the 
relationship between the bond length and the bond energy it is possible 
to calculate that the shortening of the C — C bond from 1*54 a. to 1*48 a. 
corresponds to an energy increase of 13*7 kcal. Thus both, the experi- 
mental and theoretical approaches, le^ to practically the same ^ue 
for the strengthening of t^ C — C bond in dibenzyl. 

The above relationships are clearly understandable from Fig. 2, which 
represents the energy curves for the C — C bond in ethane and dibenzyl, 

“ Sklar, J. Chem. Physics, 1937, 5. 699, 

^ Prosen, Johnson and Rostini, J. Res. Nai. Bur. Stand., xg^6, 3d, 455. 
Parks et al., J. Amer. Chem. Sac., 1946, 68, 2527. 

Jeffrey, Proc. Roy. Soc., A, r947, 

Skinner, Trtsns. Faraday Soc.. 1945, 41, 645. 

B* 
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We see that the relationship between the bond length and bond 
energy is not a simple one, and that it is possible to visualise bonds which 
are ^th weaker and shorter than the single bonds from which they are 
derived. This treatment can be generalised for other systems, and it 
probably also applies to compounds of the di-allyl class. For one member 
of this class (geranylamine hydrochloride) Bateman and JefErey have 
reported a shortening of the C — C bond, which is generally held to be a 
weak one, and envisaged the hyperconjugated structure as a possible 
explanation of the shortening, and for the co-planar arrangement of the 
adjacent carbon atoms. 

It should be noted that the calculated value of ii kcal. for the strength- 
ening of the C— C bond in dibenzyl is independent of the particular v^ue 
chosen for the C — bond energy in toluene. It is intended therefore, 
to conduct other experiments to ascertain the strength of the C — C bond 
in dibenzyl, and thus to provide further data for tiie calculation of the 
resonance energy of the benzyl radical. 

At any rate it can be seen that the increase in the resonance energy 
of the appropriate radical can be counterbalanced to some extent by ihe 



Fig. 2. — ^Relation^p between the bond eneiOT and the bond distance in 
molecules of ethane and mbenzyl. 

increase of the energy of the C — C bond due to hyperconjugation of the 
type described above. This factor probably explains why sym-tetrQ.-p- 
biphenylethane is not dissociated at all, whereas according to the theory 
based only on the resonance in radical, its dissociation should be ap- 
preciable. Therefore, the high resonance energy of the benzyl radi(^ 
does not imply directiy a considerable decrease in the C — C bond energy 
in tetraphenylethane or in similar compounds. 

Trlphenylmethyl Radical. 

The case of hexaphenylethane is an exceptional one. We cannot 
expect the resonance energy of the triphenylmethyl radical to be much 
higher than that of the benzyl radical. The resonating structures in tri- 
pl^ylmethyl, as suggested by Hiickel and by Faulhig and Wheland, 
require a planar configuration of this radical. We know from the study 
of Wallis and Adams on the racemisation of optically active triaryl- 
methylthiogl3molic acid that the lervalent carbon atom has a planar 

Bateman and J^Eiey, Nature, 1942, 192, 446 ; J. Chem. Soc„ 1945, 2ii. 

Wallis and Adams, j, Amer. Cham, Soc., X933, 55, 3838. 
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configuration, but this does not imply a coplanar arrangement of the three 
phenyl groups. It was pointed out to me by Prof. M. Polan3ri that such 
a structure is impossible because of the bulkmess of the phenyl groups, 
and that the true shape of this radical should be propellor-like. 

Fig. 3 represents the coplanar arrangement of the triphenylmethyl 
radical, and we see that the ortho hydrogen atoms are at a disfance of 
0*76 A. whereas non-bonded hydrogen atoms should at least be at a 
distance of 2*4 a. (takmg the van der Waals radius for hydrogen atoms 
as I -2 A.). Therefore the benzene rings must be twisted at least by 30®, 
bringing the ortho hydrogen atoms at least i‘i a. above the plane deter- 
mined by the carbon atoms 1, 2, 3 and 4. The lack of coplanarity make s 
irrelevant the calculations of fouling smd Wheland,* which give for the 
resonance energy of the triphenylmethyl radical a value of 38 kcal, 
(assuming a = i-4 e.v.), or a value of 52 kcal. if a = 1*92 kcal. 

From the stupes of Bent and ccfilaborators it would seem that the 
resonance energy of the triphenyl methyl radical is rather of the order of 



Fro. 3. — ^The coplanar anangement of atoms in the triphenyl methyl radical. 
The circles represent the H and C atoms with the ladn corresponding to the 

covalent radii. 

20-23 kcal. Bent and Cuthbertson estimated experimentally the heat 
of hydrogenation of hexaphenylethane to triphenylmethane, and inter- 
preted tlmir results as an indication of the extra weakening of the C — C 
bond in hexaphenylethane (to an extent of 27 kcal.), which does not occur 
in the C — bond of triphenylmethane. The additional weakening of 
47 kcal., which decreases the energy of the C — C bond in that molecule 
from the normal value of 85 kcal. to the actually-foimd value of ii kcal, 
(Zi^ler •^), was assumed by them to be due to the resonance in the two 
radicals formed. 

It seems, however, that the contribution of the quinonoid structures 
is still smaller, and perhaps even quite negligible. From a study of 

** Bent and Ebers. J. Amer. Chem. Soc., 1935, 57, 1245 j Bent, Cuthbertson, 
Dorfman and Leary, ibtd., 1936, 58, 165 ; Bent and Cuthbertson, tbtd., 1936, 
581 170. 

» Ziegler and Ewald, AimeOsH., 1929, 473, 163 ; also MiUler and MUUer- 
RodlofE, ibid.. 1935. 89 : Wooster, J. Amer. Chem. Soc., 1936, 58, 2156 ; 

Preckd and Selwood, ibtd., 1941, 63, 3397. 
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There is, however, clear evidence that the recombination of triphenyl- 
methyl radicals is hindered, as should be e 3 q)ected if there is a sl^c re- 
pulsion between the two radicals. We may recall Ziegler and collabor- 
ators •• who concluded that the recombination of the triphenylmethyl 
radicals involves an energy of activation of about 8 kcal., necessary for 
the compression of the phenyl groups, before the C — C bond rfl-n be formed. 
This was shown by finding the energy of activation for the dissociation 
of hexaphenylethane into radicals to be 19 ± i kcal., whereas the heat 
of dissociation is zi kcal. only. 

That such a compression starts in a distance much bigger tTia-ri the 
normal C — C separation is seen from the calculation previously men- 
tioned. It was shown that in two colliding triphenylmethyl radicals the 
ortho H atoms are elevated from the plane passing through central C 
atom perpendicular to the C — C line by i*i a., and therefore the repulsion 
between tixe two radicals will effectively start when the two central C atoms 
are approached to about 4*5 a., which is, of course, much more than the 
range of chemical forces between the carbon atoms. 

It is kno^vn that the triphenylmethyl radicals are oxidised very easily 
to the peroxide, whereas the benzyl radical stabilises itself in an atmosphere 
of oxygen by dimerisation rather than by oxidation (as was shown by 
Horrex and Szwarc ).• This is also evidence of the greater difiSculty in 
the dimerisation of the triphenylmethyl radicals as compared with the 
benzyl radicals. Further evidence is provided by the study of Magee 
and Daniels of the photo-bromination of phenyl methanes. The length 
of the chains in these photobrominations were 50 for toluene, 250 for 
diphenyl methane and 1000 for tiiphenylmethane. It is probable that 
the chadns are ended by the dimerisation of the radicals, and thus a Sorter 
chain implies a greater ease of dimerisations. 

Cionclusion. 

We conclude that the most prolxtble value for the resonance energy 
of the benzyl radical is 24*5 kcal. This value results from the direct 
measiuement of the C — l^nd strength in the methyl group of toluene, ^ 
when compared with the recent value for the C — H bond strength in 
methane due to Kistiakowsky ** and Stevenson.** 

The proposed resonance energy of the benzyl radical leads to the value 
of 2*09 e.v. or 48 kcal. for the exchange int^;ral, which is only slightly 
higher than the value of I'pa e.v. given by Sklar.^* In addition it seems 
that this value for the resonance energy of the benzyl radical is in agree- 
ment with observations of the C — C bond energy in the polyphenylethanes. 
It seems also that the weakening of the C — C bond energy of the hexa- 
phonylethane is mainly a steric problem, and so we return to the point 
fully recognised and emphasised by Ziegler.** 

The author would like to express his gratitude to Prof. M. Polan3d 
for his continued interest and encouragement and his many helpful sug- 
gestions. His thanks are also due to h^chester University for the I.C.I. 
F^owship which enabled him to carry out this work, and to the Anglo- 
Iranian Oil Company for a grant. 

Summajry. 

Both qualitative and <^uantitative evidence for the high value of the resonance 
energy of the benzyl radical has been reported. It is condnded that the most 

“Ziegler, Orth and Weber, Annaien., 1933, 504, 13 1 ; Ziegler, Seib, 
Knoevangel and Anders, ibid., 1942, 551, x6i. 

“ M^ee and Daniels, J. Amer. CA^. Soc., 1940, 62, 2825. 

Kistiakowsky and van Artsdalen, J. Chaw. Physics, 1944, la, 469. 

“ Stevenson, ibid., 1942, 10, 291. 

•• Ziegler, Trans. Faraday Soc., 1934. 3 ®» lo- 
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{ )robable \'alne for that resonance energy is 24*5 kcal. It is shown that this 
eads to a higher value of a, the exchange integral, of about 48 kcal. The 
shortening of the C — C bond in dibenzyl is explained by an increase in the 
bonding forces, which increases the energy of that bond by 11-13 kcal., and the 
effect is generalised. The weakening of the C — C bond in hexa-aryl ethanes is 
explained in terms of two steric repulsions : the r^ulsion between two radicals 
and the repulsion among the phenyl groups forced nrom the planar arrangement 
into tetrahedral arrangement. The recombination of triphenyl methyl radicals 
is discussed. 


R^sum^. 

Des mesures directes de la force de la liaison C — dans le gronpe m^yle 
du toluene, compar 4 e k sa vaJeur dans le methane, donnent, pour l'£ner^ de 
resonance du ramcal benzyle, une valeur de 24*5 kcal. Celle-ci conduit a une 
intdgrale d'^change de 48 kcal. et est en accord avec les valenrs de I'^ergie de 
la liaison C — C dmis le pol^'ph^nyl-^thane. 

Zusammenfassung. 

Der Wert der Reaonanzenergie des Benzylradikals, der sich ans der direkten 
Messung der C — BindungastSLrke in der Methylgmppe in Toluol im Vergleich 
zu deren Wert in Methan ergibt, wird als 24*5 k^. angegeben. Daxaus folgt. 
dass das Austauschintegral den Wert 48 kcal. hat nnd stimmt auch mit dexn 
Wert der Bindungsenergie in Pol3^henyla.than hberein. 

Chemistry Department, 

The University, 

Manchester. 


SOME REMARKS ON THE CHr-C >°CHa 
MOLECULE. 

By M. Szwarc. 

Received i3<k August, 1947. 

There is a simple and unambiguous definition of a mono-radical ; 
a neutral molecule, which has one unpaired electron, and which is there- 
fore paramagnetic. The definition of a bi-radical seems to be rather more 
difficult. A generalisation of the definition of a mono-radicsd leads to 
the following criterion : a bi-radical is a neutral molecule endowed with 
two unpaired electrons (and therefore paramagnetic). A review of the 
experimental evidence ^ows, however, that very often the primary 
bi-radical stabilises itself by a rearrangement of bonds, and as a result a 
diamagnetic molecule is formed. It seems, however, that the energy 
levels of the bi-radical and of the corresponding diamagnetic molecule 
are very dose to each other ; and it is impossible to draw a sharp distinction 
between bi-radicals and normal molecules. The following examples will 
illustrate this. 

Fentacene (I), synthesised by Clar,^ behaves as a bi-radical (II). It was 

coooo coox 

(I) ( 11 ) 

shown, however, that the molecule is diamagnetic.* The case of mbzene (III), 
piepaied by hibnieu and Duftaise * is similar. The ease with which this com- 
pound undei^oes oxidation was tsJcen as a strong aigument in favour of the bi- 

* Oar, Ber., 1932, 65, 503. 

* Mouieu and Duftaise, BuB. Sac. chim., 1933. S 3 > 789* 
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radical structure (IV), but the investigation of Miiller * showed that this mole- 
cule too is diamagnetic. 


Ph Ph 


Ph Ph 




It could be expected that the bi-radical character will be much more pro- 
nounced in the compounds (V) and (VI). However, the observation * that these 


(^1 


Ph- 


Ph 


Ph, 

Ph'' 


Ph 

•Ph 


(VI) 

compounds are diamagnetic favoured the structures (VII) and (VIII). 

X>< >o^>-'< 

(VII) (VIII) 

If now such a molecule as (VIII) is modified so that it cannot adopt a coplanar 
arrangement, e.g. by introducing bulky groups in the ortho positions, then the 
resulting compounds are paramagnetic, e.g. (IX). ‘ 


a Cl 


Ph, 

Ph-^ 


Ph 

Ph 



The above-mentioned compounds are rather complicated, and it is therefore 
of interest that the pyrolysis of p-xylene ^ has thrown up evidence concerning 
the hydrocarbon (X) which has not been previously synthesised. 

(X) 


This hydrocarbon is especially interesting because it is an isomer of cycloocta- 
tetraene, and in some reactions cydo-octatetraene behaves as (X). For example, 
oxidation of cydo-octatetraene with hypoc^rites place wilh the formation 
of derivativBS of p-aylene, and oxidation with chromic add in g-iAirial nrAHr- 
addprodnoea terqphtWic add.* 

The above-mentioned study of the pyrolysis of tduene and Ihe xylenes * 
has shown that the first step m the decomp oiritfoTi of these hydrocarbons is a 
imiitting into benzyl (or xylyl) radicals and hydrogen atoms. It was diown 
that all the benzyl radicals dimmise giving di-beu^l, whereas the m-xylyl radic^ 
gave 3 : 3'-dimethyl-dibenzyL The pyrolysis of ^xylene, however, gave a 
polymer as the solid product, and a quantitetive study proved that the amount 
of polynmr formed corresponds to one half of the ^xylyl radicals produced in 
the original decomposition. It was also found that no products other tihan 
^xylene were formed from the second half of thep-xylyl radicals. It was thought. 


• MtUler and Mfiller-Rodloff, Annaien, 1935, 517, 134. 

* Schfinberg, Trans. Faraday Soc., 1936, 3a, 514. 

* MtUler and Tietz, Ber., 1941, 74» 807. 

• Beppe, B.I.O.S. Report, No. 137 ^945). 

’Szwarc, Nature, 1947, 160, 403; /. Chem. Physics, 1948, 16, 128. 
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therefore, that the radicals disproportionate in the gas phase according 

to the following equation : 



while the bi-radical so formed stabilises itself by passing into the form (X). 

CH, 

In order to prove this assumption iodine vapour was admitted to the trap 
through which the products of p3rrol3rsia passed and in which the polymer formed. 
After the experiment the contents of the trap was divided into several portions, 
and each was extracted with a different solvent, namely, boiling toluene, boiling 
benzene, boiling chloroform, boiling alcohol and ether respectively. The polymer 
is insolnble in all these solvents. The extracts were fr^d from iodine and the 
solvent evaporated. All the residues thus obtained melted between i6o° c. and 
170° c. with decompositiaa and liberation of iodine. A single recrystallisation 
of the residues from chloroform sufficed to produce nearly wMte crystals, having 
the melting point I73‘'-I75° c. analysis of these crystals gave 71 % iodine. 

p-Xyl^ene di-io^de {CH,I . . CH,I) has a m.p. i74“-i75“ c. and an 

I, content of 71-0 %. The m.p. of ^xylyl iodide (CH3 . C,H4 . CH,!) is 46“-47° c. 
llie results di^criMd above leave no ^ubt therefore that the only product 
formed in the experiment, apart from the polymer, is ^-xylylene di-iodi^, with 
minute quantities of impurities only ; which finally proves the existence of the 
hydrocarbon (X) in the gas phase. 

The hydrocarbon (X) seems to be very stable in the gas phase, if its presseur 
is low enou^. It will travel a couple of metres in the gl^ tube, and passes 
through glass capillaries without leaving any deposit. It was found that the 
formation of the polymer corresponds closely to the condensation of a vapour. 
If the partial pressure of the monomer (X) is increased (by increasing the toted, 
pressure of the p3rtolyBed ^xylene, or 1^ increasing the % decomposition) the 
polymer starts to form in a tube hrated to 30° c., while if its partial pressure is 
lower, the polymerisation does not start until it reaches a tube cooled to 0° c., 
and at still lower concentration of tbp monomer in the streeuning gas the tube 
must be cooled to — 80'’ c. to cause the foroaation of the polymer. It is very 
significant that if the vapour passes through two traps, the fiirt cooled to 0° c., 
and the second to — 80” c.. and the concentration of the monomer (X) in the 
vapour is high enough to cause the formation of the pol3nner at 0° c., two portions 
of polymer are obtained : one formed in the trap at 0° c., and the second in the 
trap at — 80° c., but the tube connecting the two traps, which is at room tem- 
perature, remains clear. This phenomenon can be explained in the following 
way : the partial pressure of the monomer in the gas stream entering the first 
trap exceeds its saturation pressure corresponding to 0° c., and therefore the 
monomer condenses and stuts immediatmy to polymerise in the condensed 
phase. The partial pressure of the monomer retained in the gas stream on leav- 
mg the first trap is that of the saturated vapour at 0° c., and therefore no con- 
densation (and no polymerisation) occurs in the tube leading to the second trap, 
which is at room temperature, while the condensation once more starts in the 
second trap, cooled to — 80° c., causing the formation of an additional portion 
of the polymer here. 

Two cases of similar polymerisation are reported in the literature. One is 
the polymeiisation of the products of dissociation of hexa-p-tolyl-ethane. 
Marvel and his co-workers * found, tht the resultmi; tri-^-tolyl-methyl radical 
di^roportionates giving tri-^-tolyl-methane and a mradical : 


CH4— 

* Marvel, Rieger and Mnllar, J. Amer. Chem. Soc., 1939. 61, 3769. 
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This biradical (or its quinonoid form 


CH,- 



poly- 


merises giving a glassy residue. The second example is the polymerisation of a 
qiniilar quinonoid compound investigated by Schlenk and May^.* They suc- 
ceeded in abstracting HQ from di-phenyl-^tolyl-inethyl chloride by treating 

it with pyridine, and obtained the quinonoid compound CH, 

which was found to polymeiise to a re^. 

To sum up, we conclude that the CH, hydrocarbon seems to 

be stable in the gas phase and its con<tensation is governed by the normal phase 
rule. Ftom our observations we would roughly estimate that its saturation 
pressure at 50° c. is 0*3 mm. Hg. In ihe conden^d phase the CH, : C,H4 : CHt 
is unstable and polymerises mving a transparent, or white, film at 0° c. and a 
white fibrous solid at — 8cr c. The polymer is insoluble in boiling organic 
solvents such as toluene, benzene, ether, chloroform and alcohol. It resist the 
action of cone. H]S04 at 100° c. It is not volatile and does not soften up to 

^75“ c. 

The CHt=^ y=CHj molecule is an example of a compound which 

is stable in the gas phase, but labile in the condensed phase ; and that is 
the reason why it has not been synthesised by the normal methods of 
organic synthesis. 

The author would like to express his gratitude to Prof. M. Polan3d 
for his continued interest and encouragement. His tbanka are also due 
to Manchester University for the I.C.I. Fellowship which enabled him to 
carry out this work, and to Anglo-Iranian Oil Co., for a grant. 


Summary. 

It is shown that the jS^-xylyl radical, formed in the pyrolysis of ^xylene, 
disproportionates in the gas phase giving a bi-radical, 

Qlg— or CH,. 

This bi-radical is stable in the gas phase, and behaves as an ordinary condensable 
vapour, but it is labile in the condeosed phase, tmdergoing immediate polymerisa- 
tion. The polymer formed is not volatile and is insoluble in boiling organic 
solvents. 

R68um6. 

On montre que le radical ^xylyle, form6 dans la p3^olyse du ;^xyltoe, par 
dismutation en phase gazeuse donne le bixadical : 

^ ou CH, - = CH*. 

Le biradical eat stable en phase gazeuse et labile en phase condens^e, se poly- 
m^risant i m m ^diatement. Le polym^ ainsi form^ n'est pas volatile et 
insoluble dans les solvonts organiques bouiUants. 

Zusammenfasstmg. 

!E^ wird gezeigt, dass das aus ^-Xylol pyrolytisch gebildete ^-Xylylradikal 
sich in der Ga^hase durch Disproportionierung in das Dixadikal 

CH, Oder CH, := “ CH, 

nmwandelt. Das Dixadikal ist in der Gasphase stabil. aber labil in der flllssigen 
Phase, wo es sofort polymerisiert. Das so erhaltene Fol3nxieaprodukt ist nicht 
flfichtig und in sied enden organischen LOsungsmitteln unldslich. 

Chemisiry Department, 

The University, * 

Manchester 13 . 

* Schlenk and Meyer, Ber., 1919, 5a, 9. 
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CALCULATED HEATS OF FORMATION OF SOME 
ff-COMPLEXES. 

By M. J. S. Dewar. 

Received 2$th Jvly, 1947. 

In three recent papers ^ a number of organic reactions were interpreted 
in terms of a new type of bond ; a dative bond in which the donor mole- 
cule carries ir-electrona and not unshared ^-electrons. Thus the inter- 
mediate cation in the addition of Br, to CsH^ was formulated as (I), 
implying that the bromine is attached by a bond formed by 
Br+ the ethylenic w-electrons, the bond-orbit^ covering all three 
nuclei. This idea is iiiherently reasonable since the main 
criteria for bond-formation are that the two relevant orbitals 
should overlap efficiently and lhat they should between them 
contain two electrons. The second criterion is automatically satisfied in 
the cases under consideration, while the close similarity between p- and 
»r-orbitals suggests that the latter should overlap efficiently with atomic 
or ir-orbitals of other molecules. 

In the earlier papers it was shown that the chemical evidence justified 
belief in this " molecular bond ” as we may conveniently term it ; here 
the new bond will be investigated theoretic^y, and we shall see that the 
calculations, although by necessity very approximate, further justify belief 
in its existence. 

Method. 

In this preliminaiy treatment Hndcel’s original method has been used for 
simplicity. The energies of formation of a number of ^-complexes from their 
components have been calculated with the assumption that all exchange integrals 
are equal to p, the 0— C exchange integral, and with the neglect of exchange 
integrals between non-adjacent atoms. Thus the secular equation for the 

ir-complex Ch 'X* is taken to be 

" ■ o 


P 

P 

w 

P 

o 

o 


Difieiences in electron affinity have in general been neglected. In most cases the 
secular equations can be factorised. 

The assumption that the new exchange iutegrals have the vidue j 3 is of course 
arbitrary, but it is unlikely to be much in error since the length-wise overlapping 
of the ^^bitals involved should be at least as efficient as the lateral overlapping 
in a normal double bond. Conlson ^ has raised a forlher objection, that the 
longitudinal sharing of n^electrons should alter the hybridisation of the atoms 
forming the donor component of the molecular bond. It is difficult to estimate 
the magnitude of efiect ; but since it must lead to an increase in stability 
of the molecule as 'a whole, it can imply only that the heats of formation here 
calculated are too low. This will certainly not affect onr conclusions. 

Results. 

The heats of formation thus calculated are given in Table I. The symbol 
o* implies a configaration of the ns^mplex in which X is opposite 

^ Dewar, Naiure, 1945, IT^* 784 ; J. Chem. Soc„ 1946, 406, 707. 

* B ri v ale r mnTmtnlr^'H^ 
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an annular carbon so that only one C — exchange integral is included, while the 

symbol rv X+ implies a configuration where X+ is equidistant from two 

ring' carbons, the exchange integrals to both being included. In Table II are 
given electron densities and bond-orders for the iroomplexes from uns3nnmetrical 
ethylenes. In the substituted benzenes Y represents a group with unshared 
^-electrons and serves as a model for an anionoid-electromenc o — ^>-directing 
substituent ; Z represents a group with a vacant orbital and serves as a simple 
model of a cationoid-electrometic m-directing substituent. 

TABLE I. 


Comptments, 


R-complex. 


Hsat of Formation 
X /8-1. 


CH, 

CHa* 

CH,* 

k • 

CHa==CH 

L 

CHr=CH 


CH, 

11 —' X+ 

CH, 

CH,* 

CH,* 

CH, CH, 

CH^H 

I— >X+ 
CH^H 


(II) z-ooo 


(Ilia) 2-228 


(III6) 1-592 


(IVa) r -956 


(IV6) r-370 


(Va) 1-656 


(Vb) 0-720 


R = Y R = Z 


(Via) 1-707 1*387 


(VI&) 1*232 0*642 


(VIc) 1*820 1*408 


(VId) 0*710 0*120 


(a) C* has an electron affinity — /3 relative to carbon. 

[b) C* has an electron affinity + p relative to carbon. 








5. 


HEATS OF FORMATION OF SOME ^-COMPLEXES 

TABLE I {coni.). 


Components. 


n*comidax. 


Heat of Formation 
X /J-i. 



1*436 

0*134 ^ 

2-098 

1*876 

2-000 

1-546 

1- 428 

0-882 

2 - 000 

2*764 

2-970 


M C* has an dectioii affioity — relative to carbon. 
(p) C* has an electron aflSmiiy + fi relative to carbon. 
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0-500 



0-2 1 1 

H,C*^ 0**89 


0-289 


H,C 

0-394 



-X 0-394 
0-394 


(III6) 


Gonclusions. 

(1) The relatively large heat of formation ( ^ 40 kcal.‘) of the simple 
w-complexes (II) and (III) certainly suggests that they may be intermedi- 
ates in reactions. The further ad^tion of an anion to such a ir-complex 
should place at the more positive carbon and the one more we^y 
linVffH to X. The electron-densities and bond-orders in (Ilia) and (III6) 
suggest that an anionoid substituent, which will lower the electron-affinity 
of the adjacent carbon, should favour addition of the anion to that carbon 
in accordance with Markownikov's rule while a cationoid substituent 
should have the opposite effect. Moreover the v-complex stability is 
increased by anionoid. decreased by cationoid substitution of the double 
bond, in accordance with experimental evidence that anionoid substituents 
increase, cationoid decrease, the rate of addition to olefines. 

(2) The ir-complex from butadiene has a heat of formation ^ghtly 
less than that from ethylene ; but the simple allyl cation 

(XCHr-CHii:CH"“CHO +, 

postulated as an intermediate in the classical mec h an i sm, has a relatively 
large resonance energy (15 kcal. in the present approximation). Very 
probably cationoid addition to butadiene takes place by the classical 
mechanism, and it is interesting that addition of anions (which must occur 
by the classical mechanism) is observed in butadiene but not in simple 
olefines. 

(3) The rdatively large heats of formation of ir-complexes from active 
cations and benzene derivatives (IV, V) support the n-complex mechanism ^ 
for cationoid substitution. Also anionoid substituents again increase, 
cationoid decrease, the stability of the n^complexes, in agreement with 
experimental evid^ce that the former increase, the latter decrease, the 
rate of substitution. The present theory does not predict the orientation 
of the products, since this depends on the relative rates of secondary 
reactions of the n-complex. These latter reactions presumably proceed 
through classical transition states of the type considered theoietic£ffiy 
by Wheland.* 

(4) The high heats of formation of (VI) and (VII) suggest that di- 

substituted compounds such as veratrole or hydroquinone dimethyl ether 
should substitute more easily than the monosub^tuted analogue (e.g. 
anisole). This certainly seems to be so,^ although the electronic 

theory would require them to be less reactive. 

(5) The stability of the model benzidine intermediates falls in the series 
(VIII) >(IX) > (X) >(XI). Since (VIII) and (IX) should be prefer- 
entially destabilise by coulomb repulsion of the nitrogen atoms, whidi 
will carry most of the positive che^e, it is reasonable that the actual 
order of stability should be (VIII) > (X) > (IX) > (XI), as experiment 
requires.^ Incidentally the great case of rearrangement of hydrazoben- 
zene is easily intelligiUe since the calculated heats of formation of the 
ir-complexes are comparable with the N — N bond-energy. 

’ The exchange integral has the value 18 kcal. in this approximation. 

* J. Amer. Chem. Soc., 1941, 63, 909. 



54 APPLICATION OF MOLECULAR ORBITAL THEORY 

(6) Weiss * has reported that oxidation of solutions of aromatic hydro- 
carbons in concentrated sulphuric acid gives coloured products which, he 
claims, contain ion-radicals (CnHin)+. The calculations (XII, XIII, XIV) 
suggest that the products may be v-complex dimers (CnHin),++ of those 
radicals. The heat of dimerisation will be less by the coiilomb energy 
of dimerisation, but in a solvent of very high dielectric constant (e.g. 
HjSOj) the latter may be quite small. 

Summary. 

The heats of formation of a number of n-complexes ^ have been calculated by 
Hdckel's molecular orbital method. heats of formation are large and support 
the conclusions previously reetched ‘ on qualitative grounds. A ir^mplex 
structure is suggested for the products obtained by oxidation of aromatic hydro- 
carbons in sulphuric acid. 


Rteum6. 

On a calcuU par la mdthode des orbites moUculaires de Hhckel, les chaleurs 
de formation de certains complexes-^-. Elies sont importantes et viennent 
appuyer les conclnsions prdc^emment atteintes k partir de bases qnalitatives. 
Cm sugg^ une structme de complexe->r pour les prodnits de I'oxydation 
d'b3rdrocarbuxea aromatiques dans I'acide sulfuiique. 


Zusam tnenfassung . 

Die BUdungswfirmen von einer Anzahl von 7r-Komplexen \vurde nach Hflckel's 
Methode der i^ekulazen Elektronenzusthnde berechnet. Die BMungswaxmen 
sind gross und bestOrken die frUher auf qneditative Argnmente gestUtzten 
Folgeiungen. Es wild eine w-Komplexatruktur fflr die Prodnkte der Oxydatdon 
von aromatischen Kohlenwasserstonen dutch Schwefels&ure vorgesthlagen. 

Courtaulds, Limited, 

The Islet, 

Maidenhead Court, 

Maidenhead, 

■ Nature, 1941, 147, J12. 


DIFFICULTIES IN THE APPLICATION OF 
MOLECULAR ORBITAL THEORY TO 
MESOMERIC IONS. 

By C. a. Coulson and M. J. S. Dewar. 

Received 5th February, 1948. 

The interest roused by the earlier paper in this Discussion by one of 
us (M.J.S.D., p. 50) prompts us to make a little clearer the nature of 
the approximatious involved in the treatment that was given there. For 
it is important to know the kind of accuracy and reliability that we may 
reasonably expect to find in this t3rpe of calculation. We may divide 
these approximations into two groups, the fiout of which relate to all 
molecule-orbital work and the second more i^ecifically to the calculations 
at present under review. 

In the first group we can place : 

(i) The representation of a molecular orbital (MO) as a linear sum of 
atomic orbitalB (LCAO approximation). 
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(u) The neglect of all *' overlap ’* integrals J 4 r^,dv, where ♦' and s are 
any pair of distinct atoms. For neighbouring carbon atoms, this integral 
is known to be about 1/4. 

(iii) The use of one common value for all the resonance integrals 

j 9 „ = independent of the bond lengths. In accurate work 

by Lennard- Jones ^ for butadiene, where the isparity in bond lengths 
is admittedly greater than in the molecules dealt with by Dewar, the vsdues 
of the resonance integrals for the short and long bonds are in the 
ratio 5 : 4. 

(iv) The neglect of all electron exchange other than that which is 
associated with an average fi^d for one dectron, provided by all the other 
elections and the nuclei. 

(v) An essential inaccuracy in all cases where the ir^ectron distribu- 
tion is not uniform, leading ’ to the conclusion that in its present form the 
method is not genuinely s^-consistent. 

(vi) An inadequate allowance for the repulsive terms in the total 
energy, so that * molecules appear to show a spurious additional afl&nity 
for other atoms. 

(vu) The assumption that w-electron energies can be calculated without 
considermg any perturbation of the other (i.e. o) electrons in the molecule. 

(viii) The assumption that the contribution to the total energy of the 
mol^ule which arises from nuclear Coulomb repulsions is ad^uately 
expressed by a single term (in the usual notation). For by Ihe MO 
method one essentially calculates the energy levels of a single electron 
moving in the held due to a fixed framework of nuclei and averaged 
positions of the other electrons. At first sight, therefore, it appears com- 
pletely to neglect the Coulomb repulsions. In fact they are chiefly in- 
cluded (rather clandestinely) in the £# term by assuming that the total 
energy of the molecule is 

Ea + mEfi + 

where Ea is the contribution from the «r-bonds, wi is the number of w- 
electrons and A is a constant for each molecule found by solution of the 
appropriate secular equations. It is usual to neglect variations of Eg, 
as th^ bonds are localised, and to treat J?o ^ ^ constant independent 
of the number of unsaturated nuclei. In a formal manner JE, is defined 
in terms of the Hamiltonian ^ for a single electron by 

■Eo = 

Now according to this argument, if it were possible to localise the w- 
elections (^ = o) the energy would be £0 + fn£o* follows that Aj3 
is the delocalisation energy of the mobile electrons. Therefore the inter- 
nuclear Coulomb terms (if they are included at all) must be included partly 
in Ea and partly in ; it is only in a seconda^ way that they are in- 
cluded in / 9 . Tj^ may be verified in more detail later (see eqn. (i^) and 
(15)) where it is also shown that the interelectxonic Coulomb terms appear 
chiefly in jS. We now see that the fundamental approximation here in- 
volve is that of supposing that these two types of Coulomb repulsion 
depend in a linear way solely upon the numbers of o-bonds eind n-electrons, 
and their delocalisation energy. No account is taken either of the stereo- 
chemistry of the molecule or of its intemuclear distances. 

Concerning these difiELculties, it is probable that (i) is allowed for 
foirly adequately by a suitable choice of p. It is al£» probable * that 
(ii) is not serious for calculations of the ground states of hydrocarbon 
molecules, though it is more serious for excited states, and, as Mulliken, 

^ Proc. Roy. Soc. A, 1937, ^80. 

* Coulson and Ru^brooke, Proc. Comb. PhU. Soc.. 1940, 36, 193. 

■ Van Vleck and Sherman, Rev. Mod. Physics, 1935, 7, 167. 

* Wheland, J. Atner. Chem. Soc., 1941, 03, 2025. 
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Rickc and Brown * have shown explicitly, it is a more serious objection 
still when atoms of different electronegative character are used. Similarly, 
for hydrocarbon molecules, variations of jS from one bond to another, 
referred to in (lii) and (viii) do not affect the energy significantly in the 
ground state, (iv) is quite unavoidable in all simple MO work, and 
completely spoils all a priori calculations of excitation energies, (v) is 
also unavoidable, and no-one can say how serious is the Ihnitation of 
accuracy which it introduces. One can say, however, that any attempt 
to calculate the u.-v. absorption of hetero-molecules by this type of method 
seems to be completely hopeless, and doomed to failure. Difficulty (vi) 
is quite serious, as one can see as follows. 

The binding energy for calculated according to the simple MO 
treatment is 2^. The binding energy for linear H, is 2-828/3, suggesting 
that H, should be more stable than by o-828j8. This is quite wrong, 
being fax too large. Further, equilateral Ha has a biadiog energy no 
less than 3/3. Unfortunately it is known * that linear H, is actually more 
stable than equilateral Ha. Quite evidently by this method one calculates 
largest binding eneigy when as many nuclei as possible are within bonding 
distance of each other. This is because (see later) the repulsive terms 
are not adequately included. 

The affinity for ions is even more pronounced. Thus the energy 
for Hj is 2/3, but that for linear is 2*828/3, and for equilateral Hs+ 
is 4/3. It is true ' that the triatomic hydrogen ion is the more stable in 
an equilateral shape than a linear one, but the value 4j3 for is vastly 
too big. It is even worse for the square molecule Hj++, which is calculated 
to have the same binding energy as Ha+, that is, twice the binding energy 
of H,. 

Difficulty (vii) has never been discussed in a quantitative manner, 
and it is not at present possible to estimate its importance. But in all 
cases where ionic or polar effects are taking place, we must expect some 
kind of polarisation the o^ectrons. Fiuther, since the internal fields 
in molecules which result from an uneven di^bution of charge are 
extremely large (some millions of volts per cm.) it may easily happen 
that an appreciable omission is beii^ made in this respect. 

Difficulty (viii) is almost certainly significant. For the assumption 
of a constant £0 implies that all carbon atoms in a conjugated system are 
equivalent electronegatively. Thus for a chain molecule it neglects 
" end-effects ” which are now known from accurate calorimetric measure- 
ment not to be n^ligible ; and for a condensed molecule like naphthalene 
it treats one of the inner atoms 9 and 10 which are surrounded by 
three other carbons, as being undm* the same Coulomb forces as the outer 
atoms 1-8, only two of whose neighbours are carbon and the other 
h3rdrogen. 

In view of the comments above, we are forced to conclude that the 
simple MO method as at present us^ is semi-empirical in the sense that 
no a priori estimate can be made of the probable errors involved. More- 
over it is known to fail badly in at least one case (light absorption) where 
a quantitative test is possible. Any extension of the calculations to new 
types of compound must therefore he experimentally checked before 
any confidence can be placed in their quantitative significance. 

The second group of assumptions is more specific to the use of MO 
theory for ions. This concerns both simple ions (cp. Wheland^) and, 
a fortiori, v-complexes. We may list : 

(ix) The use of a siagle value of /3 both for the neutral and for 

the cation, or anion. It is true that the binding energy of Hb+ is about 

> J. Amur. Chem. Soc., 1941, 63, 41. 

* Eyiiiig, Sosen and Hirs^eldOT, J. Chem, Physics, 1936, 4, lai, 131. 

Coulsra, Proc. Camib. Phil. Soc., 1935, 31, 244. 

* J. Amur, Chetn. Soc., 1942. 64, 900. 
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half that of Hj, suggesting that the same value of |3 may be used for both. 
But the use that we are now considering arises in the addition of another 
atom to an already existing molecule. When we pass from H to 
by the addition of a proton, the screening is distinctly altered, so that 
(m atomic units) an atomic wave function becomes a molecular wave 
function e-fi'a + where c is a parameter whose numerical value is 
about 1-2. For that reason, if for no other, we may expect a new j8 to 
apply, for example, to as compared with H*. 

(x) The use of the same Coulomb term JEg for the carbon atoms both 

H.C H,C 

in the neutral and ionic molecules. If we compare and ||^ X+, 

we shah, expect to find less electronic charge on each of the carbon atoms 
in the second case. Therefore, as Walsh* has shown for the oxygen 
atom in difierent carbonyl bonds, we shall anticipate changes in the 
electron affinity (or electronegativity, or Coulomb) terms do* 

These changes may easily amount to 5 or 10 kcal. 

(xi) Assumption (vii) above, which is used when discussing neutral 
moleciiles, is even harder to justify for ions, as a very simple argument 
will show. The calculated ir-electron energies in the ^yl cation, radical 
and anion are respectively 2E0 + 2/3, sEg + 2/3 and ^Fg + 2/3 (Eg and /3 
are negative). Tffis means, according to what we said in (viii), that the 
allowance for repulsion will be, at most, doubled over this series. Now 
in the cation, raffical and anion there are 2, 3 and 4 electrons, involving 
I, 3 and 6 electron-interaction terms respectively. So, even if the inter- 
nudear repulsions remain substantially the same on account of roughly 
similar bond lengths, the inter-electronic repulsions increase rapidly and 
non-linearly. Our rough calculatiozis suggest that this effect may be 
large. It is true that it will be counterbalanced by the changes in p 
(see (ix)) which will presumably be opposite in sign, and possibly also by 
changes in the overlap integrals. But we certaMy cannot say that aU 
these changes will compensate one another as they must do ^ the MO 
method is to work adequatdy for ions. The only experimental evidence 
comes from the relative basic strengths of mesomeric and non-mesomeric 
anions, and it does suggest that the MO method gives reasonable results. 
Thus the acid strengths of toluene and cydopentadiene are of the order 
of magnitude expected from the calculated resonance energies of the 
benzyl and cydopentadienyl anions. But this kind of evidence is totally 
inadequate at present. 

The use of MO theory by Dewar involves one fmidier assumption 
and one over-simplification. 

(xii) In any exact calculations it would certainly be necessary to take 
into account difierences in the Coulomb terms for the cationic nucleus 
X and carbon. It is known that many of the characteristic effects in 
conjugated systems arise from the difference in electronegative character 
of one or more of the atoms. Recent theories of chemical reactivity^* 
make explicit -use of this fact. In tlm form in which Dewar's calculations 
have be^ made, it is assumed that the C and X atoms have the same 
electronegativity. But C— Cl and C — ^Br bonds do not have zero dipole 
moment, and some unpublished work of Longuet-Higgins on CgCl^ diows 
that no satisffictory interpretation of its bond^ which treats the Q atoms 
as if they were carbon is possible. Since the atoms X are more electro- 
negative than carbon, this approximation will make the binding energies 
calculated by Dewar too low. 

(xiii) The assumption that "end-wise" overlap of an ethylene bond 
with the cation is such that the interactions between the a and n-electrons 
is the same as before, is hard to substantiate. Indeed, as was stated in 

* Trans. Faraday Soc., 1947, 43, 158. 

10 Coulson and Longuet-Hi^ins, Rev. Sci., 1947, 85, 929. 
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Dewar's paper, the distinction between a and w-electrons is removed when 
end-wise overlap takes place, so that we cannot now deal solely with the 
flT-electrons. The situation is best described by saying that a new (partly 
tetrahedral) hybridisation takes place. An alternative description is to 
say that there is now resonance between the former a and ir^lectrons. 
But on account of the new repulsive interaction terms that come into 
the complete Hamiltonian, it would need a very careful analysis to be 
sure that tliia a-v interaction did not gi\'e rise to an adverse energy con- 
tribution. It will almost certainly be a repulsive energy term. 

One further point ^ould be mentioned, since it has aroused some 
comment. In an ion the various atoms carry net partial charges. The 
Coulomb energy which results from these net charges (assumed to be 
concentrated at the nuclei) is apparently not included in the MO cal- 

CH, 

culation. Thus, if the dectronic charge in N -►X+ is uniformly shared, 

CHs 

the corresponding repulsion between the three net positive charges each 


equal to e/3, is 



or about 87 kcal., which is much greater than the 


calculated delocalisation energy (36 kcal.). However, this argument 
must not be used too indiscriminatively. For the repulsions thus described 
are only one part of the much larger total intemuclear and interelectronic 
repulsions. It is iustructive to discuss the matter in terms of the 


CH, 


■X j ion, in order to see to what extent a proper choice of E# 
'Hj / 

and p is able to allow compensation for the increased Coulomb energies. 
For this purpose the foUowii^ very rough calculations may be made. 

Let us suppose that the total mobile electron doud may be treated as 
if it were located, in proper proportions, exactly at the different nuclei. 
Then in ethylene there is a total of exactly one gr^ectron on each nucleus, 
and the nudear and electronic repulsions are each equal to e*/fi. But in 
^HtC 

■X ) , taking the calculations of Dewar in which the atom X is 


/H,C \ + 

Lrv ■ 


given the same values of the fundamental parameters E, and fiaa a. carbon 
atom, there is a total of 20/3 electronic charge on each nudeus. The 
resulting intemudear and interelectronic repulsions are shown in the 
Table l^low, together with the calculated gr-energies. In this Table, 
ft is the C— C distance, assumed to be the same as in ethylene, and r, 
is the C — IL distance. (If r, differs considerably horn Vi, then the mobile 
charge will not be quite uniformly distributed ; but we are going to neglect 
this possible refinement iu the c^culations.) Now we have given reasons 
earlier in (viii) for beUeving that intemuclear repulsions are chiefly ex- 
jnessed in the term, and inter-electronic repulsions chiefly in the p 


ethylene 
/H,C \ + 

Ltv 


Inter-electronic 

Repulsion 

9 Vi rj 


Intemuclear 

Repulsion 



Total gr- 
Eneigy 
aSe + 2)5 

2-Eo + 4P 


term. It is at once obvious that in order to get consistency in Ihe above 
Table, the value of Eg for the ion must be greater than the value of Eg 
for ethylene by an amount But the v^ue of p for the ion must be 

less th^ the -^ue of p for the mdecule. Thus, if we use the same values 
of Eg and p for both systems, we underestimate the intemndear repulsions 

“ Coulson and MofGLtt, J. Chem, Physics, 1947, 15, 135, and later woric to 
appear. 
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and we overestiiaate the inter-electronic repulsions. We cannot readily 
conclude what the final result of these mutually compensating effecte 
will be. 

It would be unfair to rule out the MO method simply on the basis of 
an argument such as that just outlined. But these considerations do 
show that no precise estimate can be made of possible errors. Moreover, 
when several modes of attachment of the cation are possible (e.g. with 
benzene, X**- may be attached to one side, or one comer, of the hexagon, 
or symmetrically to its centre) we cannot say a priori that the MO method 
will correctly predict Iheir restive energies, l^t is, the stereochemistry 
of the resulting Tr-complex cannot be reliably predicted. 

Some of the points raised above can be seen in the following quite 
elementary discussion of the simplest form of MO theory apphed to the 
ground states of H,+, H,- and Ha+ (linear and equilateral). We have 

chosen these systems because ^ve tbmeby dispense with the need to dis- 
ting^sh between a and ir-electrons : and we are able more simply to in- 
vestigate the addition of a cation (here a proton) to a neutral molecule, 
and to see how the various energy terms depend upon whether the addition 
takes place to one of the atoms of the molecule (forming linear H,'*'), or 
to one of the bonds (forming equilateral Hj+). The fact that the eledrons 
we are dealing with are aU o-d-ectrons is, of course, quite irrelevant. The 
formal treatment is exactly the same as if they were n^lectrons, with a 
parallel direction for their orbitals. In the case of H,, this direction would 
need to be perpendicular to the plane of the nuclei. 

Let us call the nuclei a, h, c (in order) and the electrons i, 2 and 3. 
Then in atomic units the Hai^tonian for H,+ is where 


(H,+ iou)ar=-|A>-i-i + i. . 

2 fa r^ fgf 

The complete Hamiltonian for Ht is 

- - (Ai» + A,=) - + 

2 r^i fjj 


(I) 


( 2 ) 


but for the purposes of MO theory we have to average the i /r^, term and 
share the i term between the two electrons. This means that we are 
to write (2) in the form 

~ ^(i) + 58 f( 2 ) . . . ■ (3) 

where 


(H, molecule) %{i) ~ Aj* 


S-S+i/JL) 


+ ~. 


*'n 2 Vrij/ av.overS 2 ♦’1 


(4) 


In this notation f ) implies that we are to calculate the average 

ay. OTBT S 

value of X /fn for all positions of electron 2, giving us, as is required in any 
MO representation, a Hamiltonian operator 5 ?(i) for electron i, which 
is solely a function of the co-ordinat^ of this electron. Assuming that 
the normalised MO wave function for H, is 0 =3 ^(x)^(2), then 



av.OTSrS 


= J . 


• (5) 


means that in the simplest MO theory the original term 1 /fn in (2) 
is divided equally into two purely Coulomb terms (5), one of which acts 
on dectron i, and the other electron 2. 

For the three-electron molecule H*” we have, in this approximation 

^ ~ Sff(i) + SfCip) 5r(3) . . . (6) 
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For the triatomic molecule Ha+ we have similarly 

ye 5K’(i) + (2) (8) 

where 

(H.- ion) af(x) = _ iv - i - i ^ 

+-"(r + r + r) ‘®> 

This formula holds both for the linear and the equilateral H3+. 

In each of the above cases the allowed molecular orbitals ^ are solu- 
tions of the one-electron wave equation 

5 Jf(i)^(i) = (10) 

In each case, also, we suppose that ^ is a linear combination of normalised 
atomic orbitals, 4^ and 4>t> so tlmt for the two-nuclear molecules Hg+, 
H, and Ha~ we write (omitting normalisation factors for convenience} 

tfi± = if>a ± 4 >t (ii) 

For the three-nuclear molecule Hj+ we write 

^ + ^*1 .... (12) 

where A is a constant determined from the secular equations. For the 
equilateral H3+, A = i. 

In all these calculations we are concerned primarily with what may be 
called the Coulomb terms F, and the resonance intespals p. These are 
defined by 

P = .... (13) 

It follows from (i). (4), (7) and (g) that if we may suppose ^3 and 
to be the same in all four molecules, and if the overlap integrals such as 


J^aS^dv are all taken to be zero, fhen 

= WH.*) + 


«H.-) = + 


1{1\ 4-Vi-\ 

2Vii/rt 2\yi,'rt 




• {15) 
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In (14) and (15) Ave have used the notation : 

(f) • . • (16) 

Vu/ ab •* a\. over S 

(f) =UM(r) ■ ■ ■ (" 7 ) 

ViV aa J av. oxn 2 

/i\ =|*.(i)i*.(i)df, (18) 

\fcl/ art " 'el 

(l\ = (19) 

V'el/ at ■* ^el 


Eqn. (14) and (15) show, as stated earlier, that inter-electromc Coulomb 
repulsions chiefly afiect /3, and intemuclear repulsions chiefly affect E^. 

Since f— ^ is more or less constant m the region between the 

a'v.o\cr2 . , . , , . , 

nuclei, it is quite consistent with our previous neglect of overlap mtegrals 
to put all the integrals of types (16) and (19) equal to zero. In t^t case, 
which is certainly too severe an approximation, all the resonance integrals 
(14) would be equal. But the Coulomb terms would be far from equal, 
smri by no reasonable approximation or neglect of terms could they be 
tna/lA even roughly equal For the Coulomb integrals (17) are quite large, 
as a simplfl numerical calculation shows. Indeed (5) and (11) show that 
(17) is greater ^han one-half of the Coulomb repulsion term in atomic H- 
i.e. greater than 




It is not practicable to give numerical values to the various integrals 
in (15) ; but one immediate conclusion to be drawn from this analysis 
is that Coulomb terms in MO theory are very sensitive to the number and 
arrangement of the nuclei. In particular on account of the more diffuse 
charge doud affecting (17) differently in the two molecules, FoCHa'*') 
is necessanly numerically greater than Fo(H|), so that the addition of a 
cation must be allowed for by a change in all the Coulomb terms. This 
change will be such as to increase the total energy and therefore reduce 
the bindmg energy. If the change is not made we must anticipate that 
our calculations will yield too great a bindmg energy. This is the origin 
of the apparently high affinity for additional atoms which the simpler 
forms of MO theory lead us to expect. Also, there is a characteristic 
difference between linear and equilateral For if we may put 


then 



£.(H.+) = £.(H.+) - ~ + 
^ *«0 



Now for the equilateral molecule i/r., » z/ra*. but for the linear molecule 
i/f'at = The differences in (— / are considerably less than this, 

y 1*' aa 

SO that jFq for the equilateral molecule is numerically greater than 
for the linear molecule. This gives us an explanation of the fact that the 
simple MO theory suggests a better binding when the nuclei are “ bunched 
together " than when they are more spread out in a " linfiar " chain. 

We do not widi to suggest that the values that we have used above 
for the various integrals are at all dosely correct. Indeed, it is evident 
that they are not, for we know that in H,+, the effective nudear charge 
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and intemuclear distance are difEerent from those for Hg. Thus, for ex- 
ample, it is not fair to give in ( 17 ) the same value both in H,- 

and in Hg. Also, on account of the difierent intemuclear distances in H, 
and H,-*- there are changes in which must be comparable in magnitude 

with the Coulomb terms with which we have been mainly concerned ; 
and as the changes are sometimes in opposite directions, it is impossible 
to be sure that ^e resulting alterations in the resonance integrals p may 
not actually outweigh the change in the Coulomb terms Eg. 

But it seems to us, notwithstanding this and other similar related 
objections, that the aigument whidi we have given throws some light on 
the nature of the difficulties that will be found when we try to compare 
the binding energies of systems such as H. and RX+. If our argument is 
valid, it implies, first, ihat the numerical values obtained in such cal- 
culations must regarded as indicative of a general situation and not 
descriptive m any precise way of any actual one : and, second, that the 
whole MO theory need considerable development if it is to ^ applied 
in any satisfying and consistent manner to 3 rield conclusions which are 
numerically reliable. 

Wheatstone Physics Lahovatory, The Islet, 

King's College, Maidenhead, 

London. Berks. 


GENERAL DISCUSSION. 

Mr. L. £. Sutton {Oxfor^ said : Prof. M. S. Kharasch and Prof. W. H. 
Urey (Chicago) have obtained evidence that free radicals are not flat, 
in the following two ways. One optical isomer of the compound (1) was 
treated with methyl radical to remove hydrogen. The substance (II) 
obtained as a product was optically active. Similarly, treatment of the 
active compound (111) with cobaltous sub-chloiide * gave an active product 
(TV). 


CH, 

:,_J:_co . ocH, 

CH, 

CgH,— i— CO . OCH. 
C,H^— CO . OCHj 

n 

in. 

(I) 

(ii) 


CgH, 

C,H, 

CHg— t— H 

CH,— i-H 
CH,— i— H 

u 


(III) 

(IV) 


Secondly, a radical-type addition of an active bromo compound such 
as (V) to a i-ene (VI) gives an active product of the type (VU). This 
oontiuns one centre of activity created by the addition reaction ; but the 
product will not be active unless the radical maintains its activity during 
addition. 

* See papers by Kharasch, Urey, st al., J. Amor. Chem. Soc., and J. Org. 
Cham, 
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CHa H CH, 

Br— !>-CO . OCH, R— LcH,— i— CO . OCH, 


L i 

(VII' 


(V) (VI) 

Dr. P. Goldfinfter [Brussels and Naw^) said : An alternative mechanism 
involving plane free ideals would be 


*\ N V 

i3— C— + ;8-4>-0 -j5 + H 

y/ y/ y/ \y 

in which only the optical activity of one carbon atom is lost. It should 
not be too difficult to decide experimentally which of the two occur. 

Mr. L. £. Sutton [Oxford), in reply, said : One way of deciding this 
point will be to compare the activity of the actual product of the reaction 
with the activity of a single optically isomeric species thereof. Prof. 
Kharasch and Prof. Urry are attempting the necessary resolution but it 
is proving difficult. If the activity of ^e actual product were “half, or 
less than half, of the maximum possible value, the Kharasch and Urry 
test would be inconclusive unless independent evidence {gainst the occur- 
rence of the reaction postulated by Prof. GoldfLnger were adduced. If, 
however, the actual activity were more tbaii half the TuaximTiTn, the 
validity of the test would be uphdd.* 

One objection to the postulated reaction is that because it involves 
the breaking of a C — link to form a C— C link it would be endothermic 
by about 15 kcal./mole. 

Dr. W. A. Waters [Oxford) [communicated) ; There can be little doubt 
of the planarity of frro -CHip but it does not follow that every other 
radical, afiyC - ; should be planar. Quite apart from steric blocking, such 
as that which has been indicated by Dr. Szwarc, a radical or a cation 
[oc/3yC]+ will not be planar if it contains any angularly-disposed dipolar 
groups, such as CO— ^Et, since these will interact so as to give the whole 
radii^ a tetrahedral config^uration (thou^ of course not that of the sama 
group in H — CajS}'). 

reactions which Dr. Sutton has reported can perhaps be explained 
in the same way as can the retention of optical activi^ of a-bromo- 
pxopionic acid upon unimolecular hydrolysis. 

Mr. T. L. Cottrell and Mr. R. £. Rlcbards [Oxford) [communicate^ : 
We are of the opinion that Dr. Walsh has slightly over-emphasised the 
generality of his fundamental principle and its corollary. It is true, as 
pointed out by Muhiken ^ in 1937, from general obB rninal consid^- 
tions this principle is a reasonal^ one, and cA-n interpret some experi- 
mental observations. It is certain, however, that other factors are wipf* 
very important in determining the variations of bond type and strength 
in compounds and this detracts somewhat from the value of Dr. Walsh's 
principle as it stands. 

There is no evidence that the chlorinated methanes, quoted as an 
example of the corollary, do in feet support it. The thermochemical 
argument suggesting that the C — H link increases in strength from 
m et ha ne to methyl chloride depends on the assumption of a decreasing 
C— Cl distance in passing along the series CH,C1, CH,a„ CHC1„ CQ*. 
This is not observed ; Sutton and Brockway “ have statwi that the C — Q 
distance remains substantially the same in all these compounds. Further- 
more, the C — H force constant, calcukited by Linnett,* shows no significant 

* cp. Brown and Chao, J. Amer. Chem. Soc., 1940, 6a, 3430. 

1 f. Physic, Chem., 1937. 4i, 318. 

*J. Amer. Chem. Soc., 1935, S7» 473- 

■ Trans. Faraday Soc., 1945, 41, 223. 
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cant variation from methane to chloroform. Fox and Martin state * 
that the stretching force-constant of the C — H links of methyl bromide 
is very close to that m methane. The force constants quoted by Duchesne “ 
for the series of molecules CH,C 1 , CH,Br, CH,I, show a slightly increased 
value m passing from the chloride to the iodide, the opposite of the result 
expected on the basis of Dr. Walsh’s corollary. These latter results 
cannot be regarded as completely reliable, however, since the vibration 
frequencies were obtained from the Raman effect on the liquids, and not 
from the vapours. From this it must be concluded that there is no experi- 
mental evidmce to show that an increase in the C — stretching force- 
constant occurs in the halogenated methanes. The finding of Bak ‘ that 
the methyl group in methyl chloride is flatter than in methane is not 
confirmed by more recent measurements of Gordy, Simmons and Smith. ^ 
They And that if a tetrahedral arrangement is assumed for methyl chloride, 
with the CH distance as in methane, the moment of inertia from micro- 
wave spectrum yields a C — Cl distance of 1-78 a., in good agreement with 
the eledron difihaction measurements.* Al^. the CH distance in methyl 
chloride foimd by Bak seems to be rather short (1*04-1-05 a.) in view of 
the force constant. The C — link of methyl fluoride has a force con- 
stant appreciably lower than in methane, whi(^ appears to be inconsistent 
with the mcreaskl s character of these bonds expected from the corollary. 

The application of the fundamental principle to predict the stretching 
force-constant of the CH links of formaldehyde gives an answer which 
disagrees ^vith the experimental results. The polar carbonyl group of 
forc^deb3rde causes ^e carbon atom to become more electronegative 
towards Ihe h3^ogen atoms so that from the fundamental principle, 
the s character of die C — H links should increase. This should lead to 
an increase in the C — force-constant, which although off-set to some 
extent by the increased polarity of the link, should at least be equal to, 
or greater than, that of methane. The C — H force-constant of formalde- 
hyde is in fact very much lower than in methane, lying between the values 
3*7 and 4*3 x 10® d3mes per cm., according to the force field used.*- * 
The force-constant of the C — H links of methane is given by Herzberg, • 
as 5*04, by linnett * as 4*97, and by Fox and Martin * as 5*04, all in units 
X lo® dynes per cm. The value of 4*79 given by Dr. Walsh is probably 
too low. 

As ^inted out by Dr. Walsh, his fundamental principle suggests that 
the HCH angle of eihylene should be slightly greater than 120**, but it 
is in foct foxmd that the angle is less than xzo”. 

The examples quoted above suggest that the factors involved in bond 
strengths are very complicated, and caimot be completely summarised 
in a single generalisation such as that given by Dr. Walsh. The ap- 
plication of the principle to the prediction of dato for other molecules or 
radicals must therefore be made with great caution. 

Dr. £. Warhurst {Mawhesier) said: 1 should like to point out that 
Table II of Dr. Walsh's paper indicates that for C — bonds in the series 
of molecules CH4. CsH4 and C|H,, the bond strength increases with in- 
crease in s chaiactor. How does Dr. Wal^ reconcile this with Pauling’s 
views which entail a slight decrease in bond strength with increase in s 
character along the series sp* ->■ sp^ -t-sp? 

This contradiction could be avoided by adopting the view that the 
covalent bond strength actually does decrease wilh increase in s character, 

*Proc. Roy. Soc. A, 1940, 175, 208. 

® Nature. 1947, 159, 62, 

®/. Chem. Physics, 1946, 14, 698. 

’ Physic. Rev., 1947 . 7»f 344- 

® Coon, Trans. Faraday Soc., 1945, 4X, 236. 

' Heizbeig, Jnjra-^ and Raman Spedra. 

Paulizig and Brockway, J. Anur. Chem. Soc., 1937, S 9 i 1223. Thompson, 
Trans. Faraday Soc., 1939, 35, 697. 
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but, in the above series of molecule, this factor is more than offset by the 
increase in bond energy resulting from an increase in C“H+ ionic chai^ter 
of the bonds along tiie series, the changes in radical resonance energy, 
which would also lower the bond strength, being too small to influence 
the sign of the trend in bond strength. 

Dr. A. D. Walsh {Cambridge) {communicated) : I agree with Mr. 
Cottrell and Mr. Richards that the factors involved in bond strengths 
are many. That should have been plain, since my paper was stated to 
be a translation mto other terms of an earlier approach “ and in this com- 
plementary’ paper I made very clear the complexity of the factors involved 
(cf. also “). 

Mr. Cortrell and Mr. Richards say that a decreasing CCl distance in 
the series CH,C 1 . . . CCI4 is not observed. But Sutton and Brockway 
give r(CCl)cH,ci= i'77 =: 0’02 a. as compared with »'{CC 1 ) Cecil = 1-760 ± 
0-005 A.^* or 1-749 That is part of the justification for saymg ^ that there 
IS a probable decrease from CH3CI to CCl*. Further justification comes 
ffom the facts that successive Cl substitution for CH3 linked to a central 
atom X (where X may be Sn. As or X) probably leads to successive re- 
duction of the XCl length ; and that, with the chlorosilanes, the SiCl 
distances tend to be larger the fewer the Cl in the molecule.^® To quote 
the paper by Sutton and Brockivay as in some way providing evidence 
agamst these suggestions is misleading. In fact, those authors say, "A 
simple theoretical calculation may be made of the effect of the repulsive 
forces between the Cl atoms.'. . . It is found that there should be an 
increase m the bond distance from CHgCl, to CCl*. . . . Smee the observed 
bond distances show that such an increase hes outside the range of experi- 
mental error but that a small decrease ts possible, it is evident either that 
the repulsive forces are less effective . . . than we have assumed or that 
there is some compensating effect tending to make the CCl distance shorter 
as more Cl atoms are introduced into the molecule, such as some kind of mutual 
interaction of the bonds/* The itahi^ are mine. Here, at an early date, 
is recognition of just the effect of which my work has given an interpreta- 
tion. There is no doubt of the importance of the Q--^l repulsive forces 
(witness the moving-apart of the Cl atoms as we pass from CCl* to CHQ, 
to CHjCla).^^ The smaller the central atom (X) the greater these repulsive 
forces, so that the length decreases with successive Cl substitution may 
well be less when X is C than when X is, say, Sn. It may, of course, be 
that further experimental data will show that other factors more than 
offset the electronegativity effect in some of the chloro-methanes (cf. i*) 
but the effect is clearly there and is important. 

As regards formaldehyde, I have in^e suggestions elsewhere about 
its structure that sufficiently emphasise the complexity of the problem. 
These revise, in certain particulars, earlier remarks. As r^;ards ethylene, 
I have already pointed out that the effect of the ir bond is to provide a 
factor offsetting that embodied in my corollary. Similarly, the difficulties 
with molecules such as methyl fluoride have already been mentioned.^^ In 
all these cases, then, the complexity of the factors influencing the 
strengths of bonds has been stressed. My present paper is certainly 
not supposed to be a single panacea for all the ills of bond strength 
estimates. Nevertheless the ideas cmitained in it are useful ones. They 
■win be all "the more so, if they can be made quantitati-ve and if other, 

Walsh, Trans. Faraday Soc., 1947, 43, 60 ; see also *•. 

« Walsh, J. Chem. Soc. (in press). 

»» Walsh, remarks on pa^r by Dyne and Style (this Discussion, p. 159). 

Snttra and Brockway, J. Amer. Chem. Soc., 1933, 57, 473. 

13 Pauling and Brockway, J. Chem. Physics, 1934, 3, 867. 

1 “ Pauling and Brockway, J. Amer. Chem. Soc., 193s, 57, 2684. 

Skinner and Sutton, Trans. Faraday Soc., 1944, 164- 

“ Livingston and Brodcv'ay, J. A mer. Chem. Soc., 1946, 719. 

^ Duch^ne (in course of publication). 

C 
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possibly ofEsetting, factors can also be analysed ” and made quantitative. 
My papers so far are to be regarded as an attempted step on the way 
towards this ultimate goal. 

I was very interest^ to learn of MuUiken’s remarks. I had not pre- 
viously known of them. Mulliken, however, developed the fundamental 
principle much less than I have done. 

In answer to Dr. "Warhurst, the strength of bonds formed from carbon 
orbitals increases along the series, p, sp^.s p\ sp. The data of Table II 
of my paper are too complete and consistent to be overthrown in their 
trend. Pau l in g 's treatment commences by ascribing to a ap wave 
function a l^nd-forming power V3 times that of a 2s wave function. 
This ascription rests on considerable approximations. It neglects the 
energy difference of the 2s and 2.p wave functions and the difference be- 
tween the radial parts of those functions. In other words it assumes 
that bond-for min g power depends only on the power of overlap. But 
another very important factor is the electronegatimty of the overlapping 
orbitals.^®' •* Pauling recognised this factor in his " Rule 6 " — " Of 
fo'o eigenfujiciiotis with the same dependence on B and the one with 
the smaller mean value of r, that is, the one corresponding to the lower energy 
level for the atom, will give rise to the stronger bond ” — ^but thought it amall. 
It is this neglect which seems to be re^onsible for the apparent disagree- 
ment between Pauling’s figures of bond-forming strength and the CH 
bond strengths. The electronegatimty factor compensates the overlap 
factor, increasing the bond-forming power of the 2s relative to that 
of the ap Avave function. If one took the ratio of the bond-forming 
powers of the 2p and 2s wave functions as approximately i instead of 
V3, then, relati-v-e to the ** strength ” of the s orbital taken as 1*000, one 
finds the following “strengths": pure p, i*ooo ; tetrahedral, 1*366; 
trigonal, 1*394 ; digoi^, 1*414. This gives the order expected from Table 
II of my paper and gives the strongest bond-forming powers to the dig- 
onal valences, as required, but the procedure is not very satisfying. 

The increase in bond strength along the series {CH)oHnidi^ (CH)cHt. 
(CH)oih*i (CH)ciHa cannot be explained by increase of polarity in that 
series. Several theoretical viewpoints expect and many experimental 
&cts indicate that bond strengths (not necessarily dissociation energies) 
weaken with increase of polarity “• “• **. *• 

Mr. G. Porter {Cambridge) said : I was very interested in Dr. Waldi's 
suggested figure of 115 kcal. for the CH bond strength in methylene, 
leading to the inclusion that the triplet state may be the one of lowest 
energy, as this is in agreement with the free-radic^ nature of methylene 
described in our^ paper. Unfortunatdy the figure is deri\’ed from emission 
spectra data which are unreliable not only because, as Dr. Walsh is ceireful 
to point out, the identification of the emitter is not certain, but also be- 
cause this spectrum is observed only in comets and discharge tubes both 
of which would be expected to produce highly excited molecules with very 
different bonding from the ground state. The spectrum obtained by 
Mme . He rm a n •• could only be explained in this way. 

A second point is that if we accept a figure for CH bond strength 
^Ifich makes the promotion energy to the triplet state small, or negative, 
it is difficult to see how we can explain the results of Bawn and Dunning 
who require a minim um of 27 kcal. for this transition to account for the 


*® Some progress has already been made here : see ref.* 

“Pauling, J. Amer. Chem, Soc., 1931, 53, 1367; Kature of the Chetnicdl 
Bond, and edn. (Cornell, 1940), pp. 78-87. 

“ Gordy, J. Chem. Physics, 1946, 14, 305. 

Faraday Soc,, 1946, 43, 56. 

“ Wal*, l^., 1947, 43. 158 . 

Walsh, Ann. Peporfs (in press). 

“ Herman, Con^ rend., 1946, aag, 280. 

“ Bawn and Dunning, Trans, Faraday Soe., 1939, 35, 880. 
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observed sodium D radiation in the reaction of sodium with methylene 
halides. 

Mde. A. Pullman (Pa> 15) {commuyiicaie ^ : The great difierence be- 
tween the experimentally-estabhshed value of the resonance energy of 
the benzyl radical and that calculated by Pauling and 'WTieland by the 
v.b. method may be, at least partially, attributed to the fact that m the 
calculations carried out by these authors accoimt has been taken only 
of the unexated structures. Even if only a part of the possible excited 
structures is introduced in the secular equation (see A. Pullman, this 
Discussion) there is a considerable increase m the resonance energy of 
the free radical. In our treatment in which five singly-excited structures 
have been introduced, the resonance energy has b^n raised b}' o'ogza. 
This represents (if we take Pauling’s \-alue of 32*3 kcal. for a) nearly 
3 kcal. and brings the theoretical value of the resonance energy much 
nearer the experimental one. The agreement may be expect^ to be 
still better if ail the excited structures are taken account of. 

Prof. G. A. Goulson and Miss J. Jacobs {London) {communicated) ; 
The characteristic property of conjugated fiee radic^, that the free 
valence is not even approximately localised on one carbon atom, is well 
exhibited by the series of radicals CPhJEI,_„ where at = o, 1, 2, 3. WTien 
X s= o we have the methyl radical CH, in which the free valence is confined 



to the carbon nucleus ; but with increasing phraiylation (;)r = i is benzyl 
and = 3 is triphenylmethyl) there are more ^tematives for the odd 
dectron and consequently the free valence at the central carbon would 
be expected to get steadily smaller as x increases. The method of mole- 
cular orbitals does not speak of difierent positions for the unpaired electron, 
but of a free valence number F for each of the carbon atoms, defined 
in terms of the total bond number JV of the atom by the relation : 

F = JVma* — JV = 4*680 — jV. 

We have calculated values of the bond orders, and hence deduced the 
free valences, at aU the carbon nuclei of this series of radicals. Full 
results will be published later, but they are most simply summarised in 
the table below, where, for difierent values of x, we show Ihe corresponding 
free valence number of the central carbon. 

X o I 2 3 

F = 1*68 1*04 o*6i 0*27 

This set of values shows very clearly how by increasing the degree of 
conjugation the free valence cfi the methyl carbon is steaj^y dinfindshed. 

Substantially similar results to these are found by Madame Pullman 
for the same set of radicals, using the valence-bond method. When the 
two sets of values are shovm, as in the figure, plotted with their scales 
adjusted to make the curves approximately the same size, it is seen that 
th^ is very close agreement between them. This agreement justifies 
us in believing that they do both correspond to the fiicts. 

•• Goulson, this Discussion, p. 9. *• Pullman, this Discus<iion, p. 26. 
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Dr. R. Daudel {Paris) said ; It is clear that the free valence is not a 
specific property' of free radicals. In the valence-bond method the exist- 
ence of free valence can anse from two different effects. 

First, the presence of an odd number of electrons which is really the 
specific character of free radicals. This is the case in CjHj, for example, 
as we can see in this formula : ■==-^. 

Secondly, the necessity of introducing " excited ” formulae which can 
appear bo^ in the case of usual molecules and in the case of free radicals. 

For C3HS ^ve can neglect the “ excited " formulae so the free valence 
number comes only from the presence of an odd number of electrons, 
and the sum of free valence numbers is unity. For naphthalene the free 
valence comes only from the " excited *’ formulae, but the sum of free- 
valence numbers has about the same \'alue (1*114). 

For the naphthyl radical, the free valence comes both from the presence 
of an odd number of electrons and from the necessity of inti^ucing 
excited ” formulae. 

Dr. E. Warhurst {Manchester) {communicated) : In view of the dis- 
cussion concerning the magnitude of a, the exchange energy between 
neighbouring carbon atoms, it seems o^^rtune to dmw attention to a 
considerable amount of evidence which indicates strongly that Pauling’s 
original \'alue of ~ 32 kcal./mole is much too low. One method which 
baji been used for the evaluation of a from empirical data consists in 
equating the solution of the secular equation to the so-called empirical 
resonance energ}^ obtained from heats of formation or combustion, i.e. 
the difference between the actual heat of formation of the particular 
molecule and that of a particular bond assignment. It is dear that the 
use of bond-energy terms for C — C and C=C bonds in calculating the 
heat of formation of the molecule with the particular bond assignment 
gives the energy of a structure for which all the C — C bond leng^ are 
1*54 A. and all the C=C bond lengths are 1*34 a. Such a structure is 
dearly not one of the canonical structures contributing to the actual 
state of the molecule. The energies of extension of C=C bonds and 
compression of C — C bonds which are necessary to arrive at a structure 
in whidi all the bonds are equal to the corresponding bond lengths in 
the actual state of the molecule have been neglected. This hu been 
pointed out previously, in particular by Penney, Lennard- Jones, Coulson 
and MuUiken. In a similar way the equation oi a from heats of hydro- 
genation involves energy terms due to changes in bond lengths which 
are often overlooked. 

These energies of compression and extension can easily be evaluated 
by means of Morse curves and turn out to be quite considerable in magnitude 
wild, when incorporated into a number of thermochemical cydes, result in 
estimated values of a which are much greater than 32 kcal. per mole. 
Values for the resonance energies of unsaturated hydrocarbons are also 
much increased when allowance for this factor is made. The different 
cydes which enable a calculation of the magnitude of a are summarised 
briefly below, together with the resulting value of ocj.ig, i.e. the value of 
a at the benzene carbon-carbon distance of 1*39 a. 

(i) N^ecting coulombic interaction and assuming oci.tg is equal to 
the energy of *' the second-half ” of a double bond for the intemudear 
separation 1*39 a., the heat of hydrogenation of a simple mono-dlefine 
provides a means of a rough estimaie of oi.gg. Ethylene and C3rclohexene 
give values of 65 and 69 kcaL/mde, respectively. 

(ii) The heats of h3^drogeaation of benzene and cydohexene taken in 
conjimction with the solution of the secular equation for benzene gives 
ai.gg OB 64 kcaL/mole. 

(iii) The empiiical resonance energy, obtained from heats of combustion 
of an aromatic hydrocarbon for whid all bond lengths piay be taken to 
be 1*39 A., when corrected for extension and compression of bonds and 
taken in conjimction with the solution of the secular equation enables 
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to be evaluated. By this method benzene and naphthalene give 
“1.3# = 67 and 70 kcal.;mole, respectively. 

These values may be somewhat high due to the neglect of small differ- 
ences m bond energy for sp^ and sp* hybridisation. The results as a wholCj 
however, indicate strongly that a value for ki.j# considerably greater than 
33 kcal. mole, perhaps twice as large, should be adopted. When the 
compression and extension energies are allowed for the true resonance 
energy of benzene becomes 70-74 kcal. /mole and that of naphthalene 

144 kcal. mole. 

Dr. R. Daudel {Paris) {communicated) : The molecular diagram of 
the CH|=<( ^^'^ =CHg molecule studied by Szwarc is 



0-744 


This diagram shoivs two verj’ high indices de valence hhre and is in 
good agreement ivith the tendency of the CHa=<^'”^=CHs molecule 
to react by pol5Tnensation. 

Dr. G. Salomon [Delfl), said : The assumption that the non-planar 
configuration of hexaphenylelhane contributes essentially to the formation 
of the triphenyhnethyl radical finds further support m the 1942 paper 
of Ziegler. The frequency factor in the dissociation reaction is, for 
certain tetraphenylalkyl ethanes, as high as lo^® sec.-^. The fact that 
this probabihty of dissociation is 10® times higher than the theoretical 
value suggests the existence of a transition state, which is sterically 
preferred and therefore more probable than the initial state. 

The occurrence of the p-xylyi radical as an intermediate in reactions 
involving cyclo-octatetraene is not substantiated by experiments. Reppe 
has suggested the intermediate formation of i, 2-4, 5-dimenthylene-cyclo- 
hexadiene-2, 5, which links up with certain results in terpene chemistry. 
The polymers from cyclo-octatetraene are essentially of low degree of 
polymerisation while the interesting compound obtained by Szwarc should 
resemble cuprene. 

Dr. M. J. S. Dewar {Maidenhead) {partly communicated) : Has it been 
definitely established that the decomposition of toluene is not a rhain 
reaction ? Has Dr. Szwarc resolved the discrqiancy between his results 
and those of Butler and Polanyi on the thermal decomposition of benzyl 
iodide, which indicated a resonance energy of ^ 10 kcal. for the benzyl 
radical ? 

Crystal Violet (I) is converted by add first into the cation (II) with 
the green colour characteristic of analogous diphenylmethane dyes 
then into the pale quinonoid ion (IH). 

(I) ’ (II) (III) 

Th^ colour changes establish that in (I) aH three benzene rings are 
conjugated with the central carbon. Siadlar resonance will presumably 
occur also in the radical. * 

Steiic strain must undoubtedly play an important part in stabilising 
triphenylmethyl, and it will also reduce the resonance enei^ by de- 
cr^aing the exchange integral between each ring and the centad carbon. 
In the figure the resonance energy, calculated by the molecular-orbital 

*® Obtained by Cbalvet, Henriet and Lesein (valence bond method), Compt, 
fend., 1947, loio- 

Trans. Faradt^ Soc., 1943, 39, 19. 
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method, is plotted against the value (a) of this exchange integral. It 
■will be noticed that even for quite large decreases in a, "the resonance 

energy remains considerable. It 
is difficult to estimate a in -terms 
of the angle {ff) through which 
each benzene ring is twisted, but 
analogy suggests -that a«wj8 cos*6. 
For 6 = 30° this gives I*I3J8 for 
the resonance energy, compared 
wiih. o-72j 8 in benzyl. 

The steiic effects of oriho sub- 
stituents in dimethylamime do 
not imply that exact coplanarity 
is necessary for resonance. Con- 
siderable energy is required to 
alter the hybridisation of the 
mtrogen in aniline from sp* 
to the sp* necessary for mesomeiism ; therefore quite a small frac-tional 
decrease in the resonance energy may make the unconjuga-ted sp^ state 
of anihne the more stable. No su<di effect can occur in triphenylmethyl. 

Prof. E. G. Bauj^han (Shrivenham) said : There is one point I woidd 
like to make in comment on Dr. Szwarc's paper. In the earlier work 
by Polanp and his co-workers ■*= on the aliphatic hydrocarbons, bond energies 
were established first by calculating substitution energies, i.e. the energies 
of the reactions 

RH -f Y -► RY -f H 

(where Y may be, say, CH„ OH, Br, I, etc.) for each radical R, and then 
translating these into bond dissociation-energies by using the absolute 
■value for any one bond (e.g. the R — I bond). The subetitution energies 
follow directly from thermochemical data plus the heats of a few simple 
reactions like H -f 1 HI, errors in which do not affect differences in sub- 
stitution energies as between differmit R's. Some -very thorough recent 
-work in Amsterdam 3 ’* enables one -to collect some substitution energies 
for benzyl and triphenyl methyl radicals ; I hope to submit these for 
publication soon. In particular, it appears that the sul^titutiou heat 
of H by CH, or C,H( is very much the same if R = CH, or C(C^5)a{Z). 
In other wmrds the Z — ^H, Z — CH^ Z — ^phenyl bonds are weai^ a 
constant amount than the corresponding CH# — H, CHj — OH,, CHj — 
phenyl bonds, and this weakening amounts to about 28 kcal. (l^ed on 
Bent and Cuthbertson's*' \'alue for the heat of the reaction, Zj -f H. -r 2ZH, 
Ziegler’s \’alue for Zg -► 2Z, and the Polanyi value for the CH, — H bond). 

This fact suggests strongly that the resonance energy of the tnphenj'l- 
methyl radical is about 28 kcal. Comparing this -wi^ that advocated 
by Szwarc for the benzyl radical (24 kcal.) I would like to ask Dr. Sz\varc 
if this small difference fits in -with the great difference in stability be-tween 
benzyl iodide and Z — ^I, which is known to dissociate to about 20 % into 
free radicals even at room temperature in solution.*' Possibl}' his 
steiic interpretation is also valid here — it is at any rate known that -the 
substitution of H by Br is less exothermic for Z than for benzyl : the 
directly-determined -values of -the benzyl-iodide bond show considerable 
disagreement.*- “ 

** Butler and Polanyi, Nature, 1940, 146, xzi ; Ttans. Faraday Soc., 1943, 
39, rg. Baughan and Polanyi, Natwe, 1940, 146, 683. 

** Coops, Mulder, Dienake and Smittenbeig, Rec. ttav. chim., 1946, dg, 170. 

**‘J. Arner. Chem. Soe.. 1936, 58, 170. 

** Ref. 21 in Dr. Szwarc’s paper 

•• Gombeig, Ber., 190a, 35, 1826. 

** Magee and Daniels, J. Amer, Chem, Soc,, 1940. 63, 2S32. 

•• Szwarc and Horxex, Nature, 1946, 158, 592 ; JE^tter and Polanyi, ref. 
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Dr. M. Szwarc [Manchester) [communicated) : I would like to give 
two arguments in r^ly to Dr. Dewax’s question : has it been established 
that the decomposition of toluene is not a chain reaction ? Jost and 
Muffling *• investigated the thermal decomposition of a number of aliphatic 
and aromatic hydrocarbons. They found that the addition of Hg(CHa)t 
accelerates the decomposition of aliphatic hydrocarbons (i.e. initiates the 
chain), while it was without any effect on the rate of decomposition of 
toluene. They taJie this as a proof that the thermal decomposition of 
toluene is not a chain reaction. 

I found that the products of pyrolysis of toluene are H,, CH*, benzene 
and dibenzjd. The last product is formed in the proportion corresponding 
to one mole of dibenzyl for each mole of Hj or CH4. I can visualise only 
one chain mechanism which accounts for these facts, i.e. 

C,H. . CH, C.H. . CHj + H . . (i) 

C,H, . CH, + H CaH, . CH, + H, . . (2) 

C,Ha . CH, + CaHa . CH, -> (CaHa . CH.) , + H. . (3) 

The reactions (2) and (3) represent chain propagation. Reaction (3), 
however, is endothermic to the extent of 12 -1- 5 kcal. [R = the resonance 
energy- of the benzj*! radical), and therefore such a chain mechanism is 
ruled out. 

Answering his second question concerning the apparent discrepancy 
between the results obtained by Butler and Polanyi (pyrolysis of benzyl 
iodide) as compared to those obtained by the pyrolysis of toluene, I would 
like to point out that their -value results from the use of an expression 
k = lo’^* . A reinvestigation of the pyrolysis of benzyl iodide 

by C. Horrex and myself showed definitely tiiat this reaction is not a 
unimolecular reaction and that the C — I bond is weaker than that reported 
by Butler and Polanyi by at least 4 kcal. (and probably by 7 kc^.). I 
hope that the work now in progress -will enable us to determine the C — I 
bond energy in benzyl iodide. 

The remark of Rof. Baughan is extremely interesting. It is quite 
prolxible that the steric effect is re^onsible for the peci^ar beha-vdour 
of -triphenyl methyl iodide. We intend -to investigate -the heat of the 
reaction 

2 PhjCI ^ Ph,C . CPh, + la 

and thus to find the eneigy of the C — I bond in this compound. 

Calculations show that -the energy of electrostatic interaction between 
a C — dipole and the Ph — CH, dipole in ;^-xylene is of the order of o*oi 
kcal. Therefore this interaction cannot account for the decrease of 2*5 
kcal. in the C — bond energy of ^-xylene as compared with toluone and 
»»-xylene. 

The recent study by Mr. J, S. Roberts and myself of -the pyrolysis of 
-the three fluoro-toluenes gives a conclusive answer -to the question how 
far the energy of the bond is influenced by the dipole interaction. The 
introduction of a strong dipole such as C — F in the p-, m- and o-position 
of the toluene molecule does not change the C — bond energy by more 
than 0*35 kcal. at most. We are, ther^re, on safe ground if -we a-ttribute 
the obser^-ed decrease of the C — H bond energy in ^xylene to the hyper- 
conjugation effect. 

Dr. Dainton, F.S., and Mr. K. Q. Ivin [Cambridge) [communicafed) : Dr. 
Szwarc has drawn attention to the existence of the^xylyl diradical which sta- 
bilises itsdf by rearrangement to -the ncm-benzenoid form CHjr“^^>==CH„ 

which, thou^ stable in -the gas phase, undergoes immediate ^ymerisa- 
tion when condensed. Pr^umably polymerisation is not observed in 
-the gas phase because monomer-diradical collisions are infrequent at the 

** Jost and Mflffling, Z. Elehtrochem., i94r, 47, 766. 
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low gas concentrations employed, and most of the diradicals are lost by 
stab^ation or at the wall ^fore the polymerisation can be initiated. 
If this is true, the ^-xylyl diradical shows similar behaviour to the vmyl 
sulphmyl diradical. We have recently been stud3rmg the reactions b^ 
tween hydrocarbons and sulphur dioxide under the influence of ultra- 
violet hght, and have concluded that vinyl sulphinyl diradicals, written 
R 

provisionally as — — GHj — SO* — are the first products of bimo- 
lecular interaction of an olefine and an electromcally-excited sulphur dioxide 
molecule. Such a radical may be stabilised by intramolecular rearrange- 
ment, involving migration of a hydrogen atom, to a vinyl sulphinic acid, 
e.g. RCH=CH . SO . OH. The life of the diradical before rearrangement 
is considered to be greater than the interval between collisions of the 
diradical and reactants which lead to pdl3rmerisation in the liqmd phase, 
but shorter than the corresponding interval in the gas phase. Conse- 
quently, the products of the gas-phase reaction are predominantly sulphinic 
acid with only traces of copolymer, whilst in the hqmd phase the product 
appears to be exclusively pol3r3ulphone. It should be mentioned that 
the liquid-phase reaction between sulphur dioxide and olefines is probably 
complicated by the formation of w-complexes (see comment on Dr. G. 
Salomon's first paper). 

Prof. G. G. Price {Notre Dame) said; The considerably greater reac- 
ti\'ity of ^-xylene as compared to w-xjiene and to toluene in thermal 
decomposition to a hydrogen atom and benz\d radical 
ArCHg heat ArCHj* -f- H* 

discussed by Dr. Szwarc, as ^veU as the mcrease in stability in paraffinic 
radicals with increasing substitution, has been interpreted in terms of 
h3rperconjugation. It seems possible to understand these obsen-ations 
at least as well in terms of simple electrical interaction. If we con- 
sider the effect of a methyl group in toluene on the electron distribution 
in the benzene ring, estimates in terms of Hammett’s a constant and by 
Ri and E3rring “ indicate a considerably greater negative charge for para 
than meta : 

(ff = — 0*07) 

CH,- ^ > (a = - 0.17). 

If we now place a methyl group at the peo'a position we may represent 
the electrical distribution qualitatively as follows : 




Homolytic cleavage of the C — H bond in p-xylene will thus have an 
additional ffictor in its favour involving diminution of the coulombic 
potential energy by decreasing the magnitude of negative charge on 
adjacent carbon atoms. 

Similarly, if we compare ethane with the ethyl radical, we see that 
there has l^n a decrease in n^ative charge on adjacent carbon atoms 
during homolytic cleavage. 





33 -/^^ 


— C— H«+ 

^H— C— 

— C. H 


\h«+ 




" Hammett, Physical Organic Chemistry (McGiaw-HiD, New York, 1940}. 

* Ki, and Eyring, /. Chem. Physics, 1940, 8, 433. 

"The author cannot accept the theoretical si^gnment of the C — dipole 
with the hydrogen negative as presented by Prof. Coulson and* Dr. Walsh and 
prefm the very genendly accepted view iMt the hydrogen is negati^'e. 
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For removal of the tertiary hydrogen atom from isohxitane, the mag* 
nitude of the change should be roughly three-fold greater. 



38- 

S 

38-C— C« 

q/ 

38- 


+ H« 


It thus appears possible to account for the effect of an alkyl group in 
increasing the relative stability of hydrocarbon free radicals in terms of 
a simple coulombic interaction rathm: than by hyperconjugation. 

The much greater stability of the /er^butyl cation as compared to 
the methyl, ethyl and isopropyl cations can easily be account^ for on 
the S2une basis. The mu(^ greater magnitude of the stabilisation in the 
cation series as compared to the free-radical series would then be due 
to the &ct that, whereas in the radical case we remove only a fractional 
electronic unit of charge from the carbon in question, in the ionisation of 
the radical to a cation, we remove an electron charge some ten-fold or 
more greater. 

Dr. W. L. G. Gent {London) said : The view, expressed by Prof. C. C. 
Price, that in the />-xylene molecule the polarity witi^ the methyl groups 
is C^-— cannot be doubted siace the electric moment of toluene 
(-+- 0-4 D.) has its positive pole at the methyl group.** There is good reason, 
however, for belie\ing that the polarity is not in condict with the reverse 
arrangement found in aliphatic C — bonds.*** *® It is a convenient fiction 
to express the molecular electric moment as the sum of intrinsic bond 
moments, induced moments and mesomeric moment, so that in. the case 
of toluene if /i(H — C) = — 0*3 d.=/i(C,H5 — CH,) then, without allowing 
for induction, there must be a mesomeric moment of about -f- 0*7 d., 
the net fractional charge on the h3rdrogens of the methyl group then 
being 8+. This is of the same order as the mesomeric moment in the 
halogens ** and is in accord with the chemical behaviour of toluene (and 
p-xykne). That such a moment exists is implied by the mechanism (I) 
invoked " to explain the order of reactivity of j^-al]^ltoluenes. In the 

d+ tf+ 

If. If. 

0 - 

II 

the tendency to mesomeiism of the phenyl group is fostered by the large 
polarisability of alkyl groups** residting in an inductive efiect operative 
in a direction toward the nucleus (II). 

Such an efiect would explain the order of electric moments toluene < 
ethylbenzene < tso-propylbenzene < ^ieff>butylbenzene *• and somewhat 
resemble the eaplanation of mesomerism in the halogenobenzenes sug- 
gested by Bennett.** Under the infiuence of electropl^c reagents or in 
an excited state it might be expected that the Baker-Nathan Tnfiftha.TiiaTn 



** Williams, Physih. Z., 1929, 30, 391. 

** Coulson, Trans. Faraday Soc., 1943, 38, 433. 

*• Gent, Nature, 1946, 158, 27. 

** Groves and Sugden, J, them. Soc., 1937, 1992. 

*1 Baker and Nauan, tbid., 1935, ^844. 

*• Bennett, et al., ibid., 1933, 261. ma ; 1935, 1827. 
*• Ingold, them. Rev., r934, I59, 238. 
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(I) \vill supen-ene gi\’mg an even more positi\-e character to the h3’-drogen 
atoms/’® 

Dr. W. A. Waters {Oxford) said : The lime seems to have arrived 
when -we should distinguish clearly between the two objects of theoretical 
chemistry : {a) the interpretation of molecular structure, and (6) the 
explanation of chemical reactivity, and see that our modes of formulating 
mathematical results concerning {a) are not tending to suggest fallacious 
conclusions concerning (6). 

This distinction b^omes most important when we consider olefinic 
and aromatic substances. " Double-bond character ” is purelj' a struc- 
tural term, and it need not be related simply to the t3’pe of reactivity 
which the organic chemist terms “ unsaturation,’’ i.e. the formation of 
addition compounds. For instance the S =0 bond of sulphoxides (in 
which d electrons are concerned) is not unsaturated. 

This distinction is easily overloolred when we talk of ir-bond formation, 
and it is most unfortunate that the formulators of Tr-bonds have used 
C 

Sidgwick’s arrow S3mibol ^ which indicates a process rather than a 

structure. For instance, whatever may be the structure of ethylene oxide, it 
is quite certain that it can not be made by the process of adding an atom 
of oxygen to a molecule of ethylene : it can only be prepared by maTring 


the dipolar structure CHj CHe. e.g. bj' treating ethjdene chlorohydrin 

with caustic alkali. Again, the ethylene oxide ring is alwaj’s broken un- 
symmetrically ; we cannot remove oxygen from it in the way that we can 
remove oxygen from (CHajaN-^-O. 

For the same reason. Dr. Dewar’s paper may tend to give us a very 
false impression concerning unsaturation. Though it is an attractive 
theory to compare structurally a pair of unshared p electrons, as in 
(CH,),N:, with a pair of ir-electrons, as in ethylene, yet their reactions are, 
even quaditatively, very different. 

Compounds with unshared p electrons are all potentially basic : they 
can pick up any electrophilic group, and react readily with H — ^Br, H — OH, 
(CH,),C— Cl, CH, — ^I, etc., at rates which depend upon thedr ease of cation 
release, but they do not react with the molecules of the halogens to form 
salts. Compouii^ with v-electron bonds, however, are not, in general, basic. 
They do not easily pick up H+ from adds, or react -with alkjd halides, 
except in the presence of the most powerful catalysts, j^et they react 
quite easily with halogen molecules. Cl — Cl, or Br — ^Br, which have much 
stronger co\’alent bonds than H — ^Br or CHj — I. It is significant too 
that electrically unsymmetrical olefines like Me3C=CH3 often react more 
rapidly with halogens than S3Tnmetrical olefines.*^ Again w'hilst bases 
such as (CH,),N: do not react with free atoms, unsaturated compounds 
very readily add on another atomic nucleus plus one more electron, again 
by xias3nnmetrical attack at one of the carbon centres. 

Th^ examples serve to show that the reaction processes are very 
different, though in the case of bromine addition to olefines there is cer- 
tainly very strong experimental evidence to justify the view that a polar 
structure (CH*— CH,, Br)+ is formed. To-day it has been shown that 
much of tile e\adence that has been adduced in support of the old No3res- 
Lowry theory of the existence of free bromine cations, Br+, is not con- 
duaive, and really our experimental evidence of the polar nature of the 
bromination of etiiylene in solution amounts to no more than recognition 


Baker, J. Chem, Soc., 1939, 1150. 
Ingold and Ingold, ibid., 1931, 2354. 
“Robertson and Waters, ibid., 1947, 492, 
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of the fact that the primary reaction is either the bimolecular process, 

Br— Br + CHa=CH, ► Br- + Br— CH,— CH+ 

or else the fcrmolecnlar process, 

2Bra + CHa=CHa »- (Br,)- + Br--CHj-^H+. 

a+ 


In the cation (Br — CHj — CHj)+ there is of course some electron 
interaction between the bromine atom and both carbon centres, and the 
TT-bond formulation may perhaps be better than the formulation {A) 
in which we vaguely try to indicate electrostatic interaction between 
+ ' » 

the C — ^Br dipole and the adjacent C pole. 

However, if we are to attempt to predict chemical reactivity by con- 
sideration of structural formulae, the critical point that has to be decided 
is whether or not we are justified in taking note of the energy level of our 
cation (Br — CHa— in estimating activation energies. 

I would suggest t^t the essential diiference between the chemical 
reacti^'ity of the unshared p electrons of a base and that of the tr-electrons 
of an unsaturated substance lies in the fact that their reactions, whilst 
both bimolecular, have very different critical transition states. That of 
the base is a linear system of three points of polarisation (B) 

S— d+ d— 

(CH,),N ... CH, ... I . . . (B) 

whilst that for an olefine is a four-point system (C) 

Br Br CH, . . . .(C) 

in which the two participants may make angular approach to each other. 
Though the transition complex may eventually yield the (Br — CH, — CH,)+ 
cation with the ir-bond structure, it is the structure of this critical transi- 
tion complex (C) which will have the higher energy content, and it will 
be this energy level which is significant in connection with chemical 
reactivity, l^l^y of the distinctive features of aromatic substitution 
can be comprehended by considering, in the same way, the energy levels 
of the critical transition complexes.’* 

Dr. M. J. S. Dewar {Maidenhead) [communicated) : I have given else- 
where very good evidence that imsatuiated hydrocarbons do possess basic 
properties and can form co-ordination complexes with active acceptors. 
Dr. Waters' unsupported assertion that 7r-electrons and unshared p- 
electrons differ quahtatively in their reactions would therefore seem to 
carry little vreight. The essential quantitative differences are that un- 
saturated hydrocarbons are weaker bases than amines, and that their 
salts usually undergo secondary reactions immediately. 

The reactions of olefines with cations do, however, differ qualitatively 
from their reactions with radicals, for stereochemical evidence shows 
clearly that in the former case an intermediate with a triangular configura- 
tion is formed. Evidence deri^'ed from radical reactions is therefore 
irrelm'ant in this coimection. 

No conclusion can be drawn from the relative reactivities of different 
reagents with amines and olefines ; there are innumerable cases where 
reagents show quite different orders of reactivity with different sub- 
strates. To give a random example, the Ph,C’ radical reacts more readily 
with halogen or oxygen than wth NO, but with Ph,N* the reverse is true. 

I cannot understand Dr. Waters’ statement that “ ethylene oxide 
cannot be made by the process of adding an atom of oxygen to ethylene ; 

“ Waters, J. Chem. Soc. (in press). 
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it can only be prepared . . . by treating ethylene cblorohydrin with 
caustic alkali Eihylene oxide is manufactured on a large scale by 
direct oxidation of ethylene with oxygen over a silver oxide catalyst, 
a reaction undoubtedly involving simple addition of oxygen atoms to the 
C=C TT-bond ; and fo^hheimore, a standard procedure for the preparation 
of ethylene oxide derivatives is the direct oxidation of the corresponding 
olefine with perbensoic or peracetic acids, reactions again invol^^ng direct 
addition of oxygen to the double bond. 


(!h, 


\"Sre 

1 / 


(II) 


The classical structures for ethylene oxide, ethylene imine and cyclo- 
propane do, however, seem to represent their chemical behaviour much 
better than do the ir-complex structures recently proposed by Walsh.** 
Thus in the reactions of propylene oxide (I) and the propylene dimethyl- 
iminium^* ion (II) with bases, the base in each case attacks the less- 
substituted carbon ; but when the ? 7 -complex intermediates in normal 
cationoid-addition reactions of olefines react wdth anions in the second 
phase of the addition, the anion attacks the Miore-substituted carbon. 
The former mode of addition would be expected if the compounds were 
of classical type, the reactions being SNa replacements in which attack 
should take place preferentially on the less-alkylated carbon. But the 
opposite orientation would be expected m a 7 r-complex judging by the 
calculations reported here. This qualitative difference incident^y pro- 
vides good evidence that the intermediates in such addition reactions 
are n-complexes. 

The chemical unsaturation of cyclopropane can be explained without 
reference to its electronic structure. The calculations reported here suggest 
that the unsymmetrical ir-complex structure (III) woifid have a heat of 
formation comparable with that ol^erved for cyclopropane. Therefore 
whatever the structure of cyclopropane may be, it should react readily 
with cations to form genuine n-complmces su(^ as (IV). It is easily shown 


CH, 




•bn, 

H, 

(III) 



that the most favourable mode of addition by this mechanism to alkyl- 
cydopropane deriAmtives should be that in wldch the cation attacks 
least-sutetituted carbon, and the anion attacks the resulting ir-complex 
at the most substituted carbon. Addition to cyclopropane should then 
obey Markownikoft's rule. This orientation is in fact observed.** It is 
particularly striking that in this case the anion attacks the merfl-alkylated 
carbon, while with (I) and (II) the reverse is true. 

In reply to Mr. Dfike and Dr. Eley,* (i) a moment of 3 d. is too large to 
be reasonably ascribed to polarisabihty. There can be very little doubt 
that the EtgO — AlBr, complex is a normal co-ordination compound, and 
as Mr. DUke and Dr. Eley themsdves point out, its moment agrees closely 
with that of the — AlBr, complex ; (2) the calculation referred to 


** Walsh, Kafttre, 1947, 159 » 7^^' 

" Rose, /. Amer. CAim. Soc., 1947, 69, 3982. 

** See Davidson and Feldman, tbid., X944, 66, 488. 
• On p. 77, 
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p3resuiiiably made use of the observed polarisabilitj’’ of benzene ; but 
this applies to an electric field l3dng pajaJlel to the ring, and uniform 
over the ring. The calculated value will then be too large. 

Dr. M. J. S. Dewar {Maidenhead) said : The very high dipole moment 
(5 D.) of dilute solutions of aluminium bromide in benzene must imply 
that co-ordination occurs, a result difficult to explain unless „ 


the TT-complex (I) is formed. The solubility of AgQO* in 
benzene may likewise be due to «r-complex formation ; other 
silver salts do not dissolve since they have more covalent 



character, and hence the Ag+ in them has lower cationoid (Ij 

activity. The calculations suggest that benzene forms less 

stable ir-complexes than do olefines, and the latter do form complexes 


with less active silver salts. 


hir. M. H. Dilke and Dr. D. D. Eley {Bristol) {communicated) : In 
introducing his paper, Dr. Dewar quoted the dipole moment of 5 d. for 
the complex CeHgAlBra as evidence for molecular bond formation involving 
n- electrons. It is also true *'*■ that for complexes between AlBr, and 
various organic substances, including nitrobenzene and diethyl ether, 
the difierence between the moment of the complex and that of the organic 
molecule is about 5 d. 

This appears at first sight to support Dewar’s contention of similarity 
between rr bonds and normal semipolar bonds. Closer examination, 
however, assuming approximate tetraliedral distribution of bonds, shows 
that about 2 d. can bo attributed to the A1 — ^Br bonds, leaving 3 d. for 
the IT bond. A simple calculation indicates that this might easily arise 
from polarisation of the benzene nucleus bj’’ the positively-charged A1 
atom. 


In the field of molecular bond formation it is often necessary to dis- 
tinguish between bond types. For example, compound formation between 
AlCl, and organic molecules might, a priori, be due to a co-ordinate link 
or dipole interaction. Caloiimetiic measurements ”<* in such cases allow 
an estimate of bond strengths and indicate that they do not depend on 
the dipole moment of the attached molecule, indicating the former 
possibility. 

Similarly, in the case of a bond such as X — ^AlBr,, where X is an 
ethylenic or aromatic hydrocarbon, before postulating w l^nds, it is neces- 
sary to show that specific changes in bond strength can be observed which 
may not be explained by a variation in the pohuisability of X. 

Prof. E. A. Gmt^enheim {Reading) said : Is it right to assert, as im- 
plied by Dr, Szwarc, that any molecule containing two unpaired dectrons 
should be paramagnetic ? It is certainly obvious that, when every 
orbital is occupied by two electrons or none, the noolecule will be in a 
singlet state. It is equally obvious that when just one orbital is occupied 
by only one electron, the molecule will be in a doublet state and so be 
paramagnetic. If, however, two orbitals each contain only one electron, 
the molecule can exist in a sin^t state and in a triplet state. The 
question is which of these has the lower energy. We know that for a 
single atom, such as O, the triplet state has the lower energy. We also 
know that for a diatomic molecule, such as Ot, the triplet state has the 
lower energy. Does the triply state in polyatomic molecules always 
have lower energy than the singlet ? I do not know the answer and 
ask if there is any theoretical or experimental evidence one way or the 
other (see p. 320 Weiss)). 

Dr. M. Szwarc {Mawhester) {communicated) : The problem mentioned 
by Prof. Guggenheim should be considered separately for two classes of 
biradicals. 


Nespital, Z. physik, Chem. B., 1932, 16, r53. 

** Sheka, J. Pl^sic. Chenu, U.S.S.R., 1942, 16, 99. 
'•XMpital, Z. physih. Chem. B., 1932, 16, 153. 

**) Dilke and Eley (unpublished results). 
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(а) Biradicals in which mere shift of electrons leads to a normal 

molecule, e.g. *CHi— becomes CH,. Every 

biradical belonging to this class must be paramagnetic (i.e. the electron 
spins should be parallel). The diamagnetic form (i.e, with paired electron 
spios) does not represent a separate species, but is a representation of 
one of the canonical structures among which the “ normal ” molecule 
resonates. The magnitude of the contribution of the diamagnetic bi- 
radical structure to the ground state of the molecule depends on the 
separation energy. Probably this separation eneigy is fairly high, due 
to the gain of one bond in the " normal " molecular structure. 

(б) Biradicals which cannot be transferred into the molecular form by 
electron shifts, i.e. 'CH, . CHj . CH,*. These radicals can exist in both 
paramagnetic and diamagnetic forms. The latter form is probably re- 
sponsible for the production of cyclopropane from trimethylene radicals, 
as observed by Dr. Bawn. 

All the diamagnetic compounds discussed in my paper belong to the 
former class, and therefore the magnetic criterion is valid and would enable 
the molecule and the biradical to be distinguished. 

Prof. G. A. Goulson [Loiidon] [communicated) \ Prof. Guggenheim has 
asked whether, when a molecule contains two unpaired electrons, the 
triplet level will necessarily lie lower than the singlet. No completely 
general proof that the triplet is the lower can be given, although in almost 
^1 cases this seems to be true both for atoms and for molecules. 

Let the two singly-occupied orbitals be denoted by ^ and x- We 
suppose that the ene^es and of the separate orbits are distinct 
and non-degenerate. Then, if we may presume that the other doubly- 
occupied orbits are not significantly changed when an electron in ^ or x 
has its spin altered (this condition has been verified lor some atoms and 
is almost certainly satisfied also for molecules), it may be shown that the 
energy of the singlet exceeds that of the triplet by an amount 

This conclusion, is equally true for atoms and for molecules, except for 
cases like 0„ where and like benzene, where both ^ and x ^ 

degenerate, so that excitation g^^'es rise to more than one singlet and 
one triplet. Such cases must be dealt with on their merits. 

The important contributions to tiie integral above occur where the 
products ^(i)x(i) aiid <f>[7.)x[2) are both large and is small. That means 
that the electrons are close together, so that ^(i)x(i) and ^(2)x(2) will 
have the same sign. We should therefore expect that the integr^ would 
be positive, and -fiie singlet would be higher than the triplet. 

If one uses the method of molecular orbitals for conjugated molecules, 
then for the lowest excited state (which is the one responsible for colour, 
etc.) ^ and x simply related to each other (energies Eg =1: 
usual notation). It may then be shown that the integral is necessarily 
positive, making the triplet state lowest. But this argument does not 
apply to more excited levels, in some of which it may break down. 

^ far as experimental evidence is concerned, the recent work of Lewis, 
Kasha and others in America has shoivn that for the first excited levels 
of a large number of ccmdensed hydrocarbons and hetero-systems, without 
exception the triplet lies considerably lower than the singlet. On the 
energy scale, the triplet comes between one-half and one-third of the 
distal from the singlet to the ground level. 



II._GAS phase. 

A.— HYDROCARBON RADICALS. 
INTRODUCTORY REMARKS 

Prof. G. N. Hlnslielwood {Oxford) said: In his theoretical introduction 
Prof. Coulson comments on the limited nature of our knowledge of alkyl 
radicals. It seems to be one of the disappointments of modem theories 
that they so seldom give us indications of new qualitative principles, 
but on the whole serve as methods for quantitative interpolation and 
extrapolation. However thi.q may be, it looks as though we shall depend 
for some time upon experimental observations to initiate fresh advances. 

From the group of papers before us there emerges a number of pro- 
perties of free radicals, or at least a number of interesting questions about 
such properties. 

D3me and Stjde point out the rarity of band spectra due to polyatomic 
radicals and cite CHO, NHj and CHj as among the few known examples. 
They obtain HCO in the fluorescence of formaldehyde and identify it 
■\vith the corresponding band in hydrocarbon flames. Gaydon and 
Wolfhard show that HCO occurs in flames at an early stage of the com- 
bustion process. Coleman and Gaydon confirm the attribution of certain 
bands to BrO and discuss bands thought to be due to CBr. 

A theoretical question arises from the comparative rarity of the poly- 
atomic radical band. In a system A — ^B — , is there a special tendency 
to split to A — |-B, if B is a possible saturated molecule ? 

The radical HO, is important in that quite a lot of interesting chem- 
istry would have to be rewritten if we were not allowed to postulate its 
existence. IMinkofl accepts the indirect evidence, adds some more from 
experiments of Egerton and Minkoff on hydrogen peroxide and shows 
that the existence of HO, is supported by the well-known " semi-empirical " 
method. It is a pity that the strictures passed upon the quantitative 
side of this method at the hfanchester Meeting of the Faraday Society 
in 1937 have some force. 

The next set of problems relates to the behaviour of radicals when 
they meet one another or other molecules. 

(a) When they meet one another disproportionation, according to 
Bawn and Tipper (who generate them from a h^de and excess of sodium), 
seems to pre'v^ over dimerisation. One can see a possible theoretic^ 
treatment of this and it would be interesting to develop it. 

(&) When radicals meet unsaturated molecules the collision efficiency 
is perhaps lower than one might expect. Robb and Melville find about lo-* 
for hydrogen atoms and prop3dene (by a method in which rate of hydro- 
genation is made to compete with the hydrogen atom — ^MoO, reaction). 

(c) Steacie, Darivent and Trost in a tentative assignment of steric 
ffictors for reactions of radicals -ivith hydrocarbons arrive at a gradation 
from io“^ for H -f H„ to io“* for CH, -j- Mobutane. 

(d) As to the inherent stability of radicals an interesting question 
arises about methylene, Norrish and Porter challenge the idea that 
CH, has a life long enough to justify the name " molecule," find that its 
life in ketene is only of the same order as that of CH, in acetone 
regard it as existing in the bi-radical state. Bawn and Tipper on the 
other hand claim that certain chmnilaminescent eflects can only be 
explained if the re-organisation energy of CH, is emitted on formation. 

In an attempt to correlate the major qualitative facts of hydrocarbon 
oxidation and pyrolysis, CuUia, Hin^elwood, Mulcahy and Partington 
attribute importance (a) to the tendency of radicals RCH,0 — to split 
into R — I-HCHO and (6) to the influence of the structure of R on the 
tendency of the peroxide R — O — O — ^R to split into radicals of the form 
R — O — . Quite apart from any relevance to hydrocarbon combustion the 
theoretical consideration of {a) and (6) would be extremely interesting. 
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ELEMENTARY REACTIONS INVOLVING THE 
LOWER PARAFFINS.* *• 


By E. W. R. Steacie, D. de B. Darw^ext -vnd W. R. Trost. 

Received lyth July, 1947. 

Elementaxy reactions of atoms and radicals have become of major 
importance in the inteipretation of chemical mechanisms. Among the 
most important of such reactions are those of the types : 

H + RH-».H*-fR . . . . (i) 

and CH, -L RH CH4 + R. . . . (2) 

where RH is a paraffin hj-drocarbon. A great deal of work has been 
done on these reactions, but there are considerable discrepancies in the 
data.^ 

In work of this kind one of two procedures "is usually, of necessity, 
adopted. 

\a) The appearance of a hnal product is determined as a function of 
temperature. From this the acti\'ation energy of an elementary reaction 
is cfdculated. In the absence of a knowledge of the absolute rate of the 
reaction, the steric factor cannot be determined, and is usually arbitrarily 
put equ^ to o-i. Reactions of type (2) are examples. 

(&) The collision 3neld is determined at room temperature only, and 
on the assumption ti^t the steric factor s is o*i an activation energy is 
calculated. 

With inc easing knowledge of the rates of such reactions, it is im- 
portant thatrmore consideration be given to the steric factors. In the 
present paper the data are reviewed from this point of view, and it is 
conclude that conflicting data can be reconcile by means of suitable 
assumptions about the steric factors. 

I. Reactions of the Type ; H + RH->- + R. 

In view of the fact that a detailed discussion of these reactions has 
recently been given.^ we will merely refer to the " best ” present \*alues 
of the data. 

H + CH4 -►CHa + Ha (3) 

The rMults of various workers lead to == 12-9 ± 2 kcal. (assuming 
5 = 0*1). or ZO‘9 kcal. (s =* O'Oi). This is one of the few H-atom reactions 
where the activation energy ciculated from the temperature coefficient 
is in reasonable agreement with collision-yield data. 

H + . . • (4) 

A recent recalculation of the data * at room temperature leads to the 
following values of £4. 

Trenner, Morikawa and Taylor ® 8*5 kcal. (s = o*i) 

Steacie • 8*8 „ (s = o*i) 

Trost and Steacie * 9*o „ {s =* o*i) 

* Contributian Ro. 155S from the Rational Research Council, Ottawa, Canada. 

^ See, for example, Stsade, Atomic and Free Radical Reactions (New York, 1946). 

* Trenxter, Monkawa and Taylor, J. Chem. Posies, 1937, 5 » ^‘’S* 

* Steacie, J, Ghent. Physics, X938, 6, 37. 

*• Ttost and Steacie (unpunished). 
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STEACIE, DARWENT AND TROST 

H + C,Ha C,H, + H3 (5) 

Trost’s recent value of Eg,* in good agreement with previous workers’ 
is 87 ± 0-4 kcal. (s = o-i). 

H + «-C 4 Hio-C,H 3 + H, (6) 

The results of Steacie and Brown ® led to E, = 9 ± 1-5 kcal. {s == 0*1). 
Errors in the atom concentrations in this work have been pomted out,® 
and a correction and comparison with tso-butane gives Et = 9'3 kcal. 
(5 = o-i). 

H + » 50 -C 4 Hio CjH, + Hj (7) 

"VMiite, Winkler and Kenaltj’ ® found a I'alue of E, of 9-3 kcal. (5 = o*i) 
from collision-yield data at room temperature. 

H -1- imo-CsH„ CjHii -}- Ha (8) 

Recent work of Trost * leads to E, = 9*2 kcal. (s = o*i). We thus 
amve at the values given m Table I. 


TABLE I. 
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in the reaction of hydrogen atoms with propane, secondary hydrogens 
are removed.® 

A similar decrease would have been expected with i^o-butane, since 
tertiary hydrogen atoms are still more weakly bound. 

(c) The eictivation energies of the reactions 

CH, + RH CH* + R 

would be expected to run roughly parallel to those of 

H + RH H, + R. 

The last colunm of Table I shows that the expected decrease in activation 
energy for the removal of secondary and tertiary H atoms by methyl 
radios does occur, although its magnitude is less than would have be^ 
expected from bond-strength \'alues. There is thus little or no similarity 
between the activation energies for the two types of reaction. 


The Temperature Coefficients of Hydrogen -Atom Reactions. 

The activation energies listed in the second column of Table I are 
derived from collision-3rield data at room temperature, on the assumption 
that the steric factor is o-i. In the investigation of atomic reactions bj' 
the discharge tube method not much weight is usually given to temper- 
ature coeffiaents. since the atom concentrations at the different tem- 
peratures are usually rather uncertain. This uncertainty causes a rela- 
tively small error in activation energies calculated from collision yields, 
since an error of a factor of 2 in the collision yield at room temp^ture 
will only cause an error of 0*4 kcal. in the calculated activation energy. 
In view of the small temperature coefficients of the reactions, however, 
such an error in the atom concentrations makes the activation energies 
calculated from the collision 3nelds very unreliable. 

It has, however, been noted for a considerable time that the tem- 
perature coefficients of the reactions of H atoms with the paraffins were 
much smaller than those calculated from collision yields, assuming 5 = o-i. 
(Or, put in another way, the activation energies calculated from collision 
yields at high temperatures were higher than those calculated from 
collision 3riel^ at low temperatures.) The reaction of h3^drogen atoms with 
methane is a conspicuous exception, since in this case the activation 
energ}'" calculated ^m the temperature coefficient is in excellent agree- 
ment with that from collision 3delds. There appear to be two possible 
explanations, (x) The steric ffictors in these reactions are much smaller 
than o-i ; (2) the H-atom concentrations at high temperatures are much 
smaller than those assumed. As an example we may consider the case of 
propane.® The average \'alues of the acti\’ation energy calculated from 
the collision yield (assuming 5 = 0*1) are 8-8 kcal. at 32^ c. and X3'0 kcal. 
at 250° c. The ratio of the average collision yield at 250’ c. to that at 
32® c. is 

3-83 X IO-V4-97 X 10-* = 77. 

Actually, for an activation enei^ of 8-8 kcal. the ratio should be approx- 
imately 400. The experimental ratio corresponds to an activation energy 
of 3*0 kcal. The value calculated from a smoothed log (collision yield) 
— i/r plot is about 4 kcal. 

ihe results for other substances are similar, thus the ratios of the col- 
lision 3nelds at 250® and 30® c. are approximately 13*5 for n-butane and 
8 for uo-butane, again corresponding to activation energies less than 4 

• Steade and Dewar, J. Ckem. Physics, 1940, 8, 571. 

® Steade and Paxlee, Trans. Farmay See., 1939, 35» S54 : Can. J. Res. B, 
193ft *7» 371- 
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kcal. The results therefore suggest that the activation energies of these 
reactions are lower than has pre\'iously been assumed, with correspond- 
ingly low steric factors. 

The low temperature coeflacients, however, may be in part (or possibly 
wholly) due to the H-atom concentrations at high temperatures being much 
lower than the assumed values on account of the rapid consumption by 
reaction of H-atoms at the higher temperatures, and the fact that atom 
concentrations are measured in blank runs. 

It is therefore of interest to calculate how many H atoms are used 
relative to those available in runs at higher temperatures with different 
substances. The \’alues obtained for the 3 best-investigated substances 
are given in Table II. 

In the case of methane, if we assume the mechanism 

H -f- CH4 -► CH, -f H, 

CH, -f H(-|- M) CH4(-1- 31 ). 

2 H atoms are consumed for each molecule of CH^ reacting, or less if the 
reaction 

CH, + H, + H 

is of importance. There are 4*4 available at 500'* c., and hence only about 

TABLE II. 


Hydrocarbon, 

«H. 

Temp., 

*C. 

H-atonu avail- 

able per Molecult* 
of RH Reactin.;. 

lilaximum number 
of H-atoms 
Consumed per 
Molecule of kH 
Reacting. 

CH* 

500 

4*4 

2 

t'sHs 

32 

17-4 

6 


250 

5*9 

6 

»so-C*Hio 

250 

9*3 

8 


half the atoms are consumed even at the highest temperature. This will 
not make an appreciable error, and it is sipiificant that in this case the 
temperature coefficient is approximately what would be expected from 
the collision yield. This is a favourable case, however, since the activa- 
tion energy is high and the percentage reaction is therefore small, and also 
at most 2 H atoms are consumed per molecule reacting. 

In the case of propane and of iso-butane the values in the last column 
are again calculated neglecting atom-reforming reactions, and are there- 
fore maximum valu^. Nevertheless, it is evident that there is a definite 
possibility of ^e Wgh temperature collision yields being too low on ac- 
count of the di min ished H-atom concentration. It seems likely, however, 
that w^ some error is involved from this cause, the collision yield 
acti^’ation energies are also too high because of the assumption of in- 
sufficiently low steric factors. 

In view of the posable errors in H-atom concentrations, and of the 
fact that all investigations were made under very conditions it is 

of inf Mcst to compare the actual percentage reaction at room temperature 
for diffe^t hydrocarbons, as determined by various workers. If this is 
done it is found that the maximum variation in reactivity at room tem- 
perature for all paraffins other than methane is only by a factor of about 
10. It foUows that if there are any considerable differences in the activa- 
ti(m energies of the reactions, they must be largely o&et by correspondinar 
difference in the steric factor. & 
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II. — ^Reactions of the Type : CH3 + RH->- GHi + R. 

CH, + Ha CH4 + H. 

This reaction has been investigated by a number of workers who 
are in general agreement in assigning it an activation energy of approx- 
imately 8 kcal. The investigatioii of Cunningham and Taylor is the most 
reliable and leads to an activation energy from the temperature coefficient,, 
of 6*6 to 8-1 kcal. with the higher limit the more likely. Patat con- 
cluded from his results on the ortho-para h3^ogen conversion in the 
presence of photolysing acetaldehyde that the acti\'ation energy was 
9 kcal., with a steric factor of io“*. He argues quite reasonably that a 
\'alue of 8 or 9 kcal. must hie combined with a small steric factor, since 
otherwise in the Paneth technique with hydrogen as a carrier it would be 
impossible for radicals to emerge from the hot furnace without reacting 
with hydrogen.!® While too much liance cannot be placed on the exact 
value of s which he obtains, it seems to be feirly well established that 
the steric factor is low for this reaction. 

CH, -1- RH 1. CH4 + R. 

Smith and Taylor !* investigated the photolysis of mixtures of mercury 
dimethyl with a number of paraffin hydrocarbons. The main facts from 
their work are : 

(a) the formation of ethane in the absence or presence of hydrogen 
remains unchanged ; 

(2)) the formation of methane increases rapidly with temperature, and 
this increase is paralleled by an increase in the rate of decomposition of 
mercury dimethyl; 

(c) the rate of mercury dimethyl decomposition is independent of 
concentration ; 

(d) hydrocarbons produce the same general effects as added hydrogen. 

They propose the following mechanism : 

Hg(CH,), + 2CH3 + Hg lal,.. 

CH, -H RH CH4 + R fti 

R -1- CH, -► RCH, At 

CH, -h CH, CsH. At 

The reaction 

CH, -i- Hg(CH,), - C,H, + CH, -h Hg 

is also postulated, but is ignored in the mechanism since it produces one 
CH, for each CH, consumed, and does not affect methane production. 

The mechanism is perhaps over-shnpli&ed, but it is very difficult to im- 
prove on it, and it appears to be well established as far as methane pro- 
duction is concerned. 

For the rate of methane production the mechanism leads to • 

i(CH.) = A(bh)|- 2 S.(kh) + ( 4 A.‘(KH)» + 8s,r„,.)*/.} 

Smith and Taylor assume that the term in large brackets is constant, 
and hence 

^(CH*) = const. Ax (RH). 

“Hartal and Polanyi, Z. physih. Chem. B, 1930, ii» 97* 

“ Patat and Sachsse, ibid., 1935, 31, 105. Patat, ibid., 1936, 3a, 274. 

“ Spence and WHd, Froc. Le^ Phil. Soc., 1936, 3, 141. 

“ Taylor and Rosenblum, /. Chem. Physics, 1938* d, 119. 

u Cunningham and Taylor, ibid., 1938, 6, 339. 

“ See J. Amer. Chem Soc., 1934, 5d> 

“ Smith and Taylor, T. Chem. Physics, 1939, 7, 390* 

* In the paper of Smith and Taylor there is a mdrorint and the second term 
in the hracket is given as 4Ai(RB0* instead of 4Ai*(RI^*. 
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Hence the activation energy measured is that of reaction (i). In this 
way, they get for the activation energies of the reactions 

CH, + RH CHj + R 


the ^^ues given in column 3 of Table I. Smith and Taylor have suggested 
that the d^erences in activation energies in the above results are to be 
explained on the basis of a diminution in the strength of the C — bond 
in secondary and tertiary positions, and that the observed diSerences in 
activation energy are to be equate directly to the differences in bond 
strengths. The differences, however, are much smaller than the bond 
strength differences estimated by Polanyi.’ 

The Tnain doubtful point in the above derivation is the assumption 
that 

, - 2*,(RH) + {4Ai*{RH)* + 8As7»b,.)V. 


is approximately temperature-independent. The condition for this is 
that 

8A,J.ba. >4^«(RH)». 

Under these circumstances A reduces to 


A = 


(8ft,W)"/« 

and since £3 is small, A will be virtually independent of temperature. 
On the other hand if 

8Vai.«.<4^»(RH)». 


the rate equation becomes 

i(CH.) = 


i.e. methane production is independent of temperature, is the same for 
all hydrocarbons, and no appreciable amount of ethane is produced. This 
is certainly not ^e case. 

It is therefore of interest to make a rough estimate of the magnitudes 
of the two terms. In the middle of the temperature range employed we 
have : T = 700° k. ; Jana. = 10-* einstein /litre (this is not stat^, but 
must be roughly corr^) ; (RH) = 200 mm. = 4*5 x 10-* mole/htre. 
If we assume bimolecular rate constants to be given approximately by 



k = 10^ then 

or 

Et =* 0, — X, kf = 

for 

jEi = 9 kcal., $1 = I, ki= : 

Hence 

8A,J»ii.. = 8 X 10“ 
4 *i*(RH)> = 2 X loi* 

i.e. 



If 53 it would be possible to re\’erse this, but it seems most unlikely 
that a metathesis should have a much smaller steric factor than a re- 
combination reaction. However, since k, appears to the first power and 
Ai to the second, if both steiic factors are small can be made 

greater than 4Ai*(RH)*. To do this will require roughly 

Sj == 5, = 10-*. 

For lower values of E^, such as 5*5 kcal. for CyHg, the difference is still 
greater, and it will require values of of the oi^r of lO”’ to make the 
term A temperature-independent. 

It follows that Taylor and Smith’s calculations of the activation energies 
of methyl-h3rdTocarbon reactions are not valid unless very small sl^c 
Actors are assumed for reactions of the type 


CH, -f RH -► CH* -1- R. 
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Their results are, however, very consistent, and gi\’e excellent log (CH^ 
production) — i/T plots at higher temperatures. The data may there- 
fore be considered as oftenng strong support for low steric factors in these 

reactions. 


TABLE III. It is possible also to get an in- 

^ T/a 1 1 V Afl A 

Reaiticm. 

UiudLXUixuji LUC VC vcuuca ux uixc 

*CH|^ 10* at 36a* K., steric factor for different h3'dro- 
m -Arbitrary Units. carbons from Smith and Taylor’s 

CHa-l-H, 

«-C*Hiq 

is(?-C*Hj0 

work. The absolute values of A oh 11 
the rS'te of methane production, 
35.2 from their results at a fixed tem- 

59-0 perature are given in Table III. 

56-3 It Avill be noted that the values 

^*5 do not show the spread to be ex- 

nected from the activation enerev 

^fferences. It follows that the 


A*ariations in activation energy are being compensated by variations in the 
steric factor, and to bring the results into line requires 


5prlm&r7 ' iSaecaiLdary ' ^tesUttiy I » • 0*03- 

Hence if we put 

^primary- = = lO"*, 

we obtain the A’aiues 

^primary = IO~* (C,H, and JldO-CgHu) 

Saoeandaxi — IO“* (CjHg and ^I-C^Hiq) 

'^tertiary = lO”* (fS0-C4HiQ). 

These values seem reasonable, and are of the same order as those required 
to justify the kinetic treatment of Smith and Taylor. 

III. Comparison of H-Atom and Methyl -Radical Reactions. 

In a reaction such as 

H -f- CH* s-* CH, -f H, 

the difierence between the steric Actors of the forward and reverse re- 
actions will be governed by the magnitude of the entropy change in the 
reaction, and would not be expected to he very great. The absolute 
noiagnitude of the steric factor wkl be governed for each reaction by AS*, 
the difference in entropy between the initial and the transition state. 
If AS* is negative the steric factor will be small. 

According to Eyring AS* will be negative for a reaction between 
pol3ratoinic molecules, and moderate for a reaction between an atom and 
a polyatomic molecule. It is to be expected, therefore, that a reaction, 
of the tj»pe 

CH, -1- C*Hio CH* + C4H, 

should have a ver^' small steric factor, and it does not seem tmreasonable 
also that a reaction of the t3q>e 

H-f CiHjo-H-Hs-f C4H, 

should have a ffiirly small steric factor. Furthermore, it would be expected 
that the steric factors and activation energies of methyl-radical and H-atom 
reactions with paraffins would vary with the molecular configuration in 
a roughly parallel way. 

On the basis of these considerations, and of the evidence for low steric 
factors in these reactions discussed pre\'iously, the following table is 

* Extrapolated from the value at 539° x. 

” Glasstone, Laidler and Eyring, The Theory of Rate Processes (New York, 

194*). P- 19. 

« See also Moore and Taylor, J. Chettt. Physics, 1940, 5, 396. 
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presented as an attempt to make the most plausible assignment of activa- 
tion energies and steric factors. 

It should be emphasised that rrhile those values are to some extent a 
mere guess, there does appear to be very definite evidence that the steric 

TABLE IV. 


Reaction. 

E, IcLal. 

1 

S. 



HPl 

liHil 

X- CH*. 

X + Ha 

0‘2 

S-i 

10 

10 

CH* 

lo-g 

— 

10 -* 

— 

C,H* 

8-3 

8-3 

10 -* 

I0-‘ 

CgH* 

5-5 

5*5 

1Q~* 

IO-* 


5*5 

5*5 

10-* 

I0-* 

M0-C4H,* 

4-2 

4*2 

10-® 

IO-* 


factors in these reactions are all very low. It is hoped that further work 
on H-atom reactions at high temperatures may give a direct answer to 
the question. In the meantime. Table IV represents merely our opinion 
of the most likely values based on present available data. 

Summary. 

A discussion is given of published data on the rates of reactions of the types ; 
H-l- R + H, 

and CH, + RH-.R+ CH,, 

together with some new results. The existing data show many inconsistendes. 
the causes of which are discussed. It is conduded that the various results can 
only be reconciled on the assumption of much lower steric factors for certain 
reactions than have previously been assiuned. 

R^um6. 

On donne une discussion de r^suitats d 6 j& publics — ainsi que quelques 
nouveaux — sur les vitesses des reactions suivantes ; 

H -H RH-»- R -f- H, 

CH, + RH-^. R + CH 4 . 

Les donn^ existantes pr^entent de nombreuses contradictions, dont on fait 
la critique. On conclut que les divers r4sultats peuvent s'accoider si Ton suppose 
pour certaines ructions, des facteurs stdiiques tr^ infSrieurs k ceux att^uds 
prdcddemment. 

Zusammenfassung. 

VerOffentlichte und einige neus Daten fiber die Geschwindigkeiten von 
Reaktionen der Typen 

H + RH-+ R + H, 

und CHj + RH-^ R + CH* 

und Widersprflche in dicsen Daten werden erbrtert. Es wird gefolgert, dass 
die Daten nur bei Annahme von steiischen Faktoren, die weit kleiner als bisher 
vorgeschlagene sind, vereinbar sind. 

National Research Council, 

Ottawa, 

Canada. 













RELATIVE REACTIONS RATES OF CHLORINE 
ATOMS WITH PRIMARY, SECONDARY AND 
TERTIARY HYDROGEN ATOMS IN HYDRO- 
CARBONS. 

By H. Steiner and H. R. Watson. 

Received <^th October, 1947. 

It has long been known that the activation energy of a given reaction 
is closely related to the bond strength of the bonds to be fonned or to be 
brol^n. This applies particularly to substitution reactions of the type : 

A -j- BR — ► AB -f- R. 

A rdevant example is found in the reactions of organic halides with sodium 
vapour studied by Polanyi and co-workers.^ 

More recently signihcant dMerences, both in bond strength and in 
activation energy, were discovered in reactions of organic molecules, 
depending on whether primary, secondary or tertiary carbon bonds were 
involved. Thus, Smith and Taylor • in an investigation of the reactions 
of methyl radicals with various hydrocarbons, reactions of the tj'pe : 

CH, 4-HR->CH4 + R, 

where R is an alkyl residue, observed that the activation energy of the 
reaction varies with the number of hydrogen atoms on the car^n atom 
at which the substitution takes place. For ethane and fKopentane, i.e., 
for reaction at a primary carbon atom, the values of the activation energies 
were found to be 8-3 kcal. per mole in either case. In the case of butene 
the value found was 5*5 kcal. per mole, while for t^obutane it was 4*2 kcal. 
per mole. 

The authors conclude that since the activation energies for the reactions 
with ethane and nsopentane are the same, the rmnoval of a hydrogen 
atom from a primary carbon atom is energetically independent of the 
nature of the hydrocarbon. 

On the basis of these results, together with results quoted from other 
workers,* Smith and Taylor suggest that' the bond energy oS. a C — 
bond be reduced by 2*5 kcal per mole iac a secondary carbon atom, and 
4 kcal. per mole for a tertiary atom below the value of the energy of the 
C — l^d for the corresponding primary carbon atom. Clearly this 
recommendation is based upon the assumption of an equality between 
variation of bond strength and variation of the activation energy of a 
reaction involving splittteg of the bond. 

Owing largely to the recent work of Polanyi and co-workers we now 
have a much clearer understanding, in some cases at least, of the relation 
between bond strength and activation energy in reactions involving 
organic molecules. In the first place it m now clear that there is a decrease 
in bond strengtir in passing from a primary C — H bond to a secondary, 
and a still further decrease for a tertiary bond. Further, the energy 
of a particular bond, for instance a primary bond, is dependent on the 
nmnber of carbon atoms in the molecule. A part of the revised table of 
bond energies, after Polanyi,^ is quoted here m illustration of these facts 
and as being relevant to the present work. 

1 Butler and Polanyi, Trans. Faraday Soc., 1943, 39 , IQ- 

• Smith and Taylor, J. Chent. Physics, 1939, 7, 390. 

* Kistiakowaky, Runoff, Smith and Vaughan, J. Amer. Chem, Soe., 1936, 58, 
I37‘ 
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Secondly, of unportaxice in tlie present connection, Polanyi fifida 
that for a certain class of reactions, namely the reactions of alkyl 
ivith sodium atoms : 


Na -{- CIH. -*■ NaCl -j- R, 
there exists a proportionality 


TABLE I. 

Boxd ExERGins or C — H 
Bomds, after Polanyi. 


A£ = ocAQ. 

where AQ is the change in bond energy (more 
strictly the change in heat of reaction) in 
passing from one alkyl group R to another, 
and A£ is the corresponding change in the 
activation energy of the reaction quoted. 

The value of a is shown theoretically* to lie 
between zero and unity : the experimental 
\’alue is 0-27. 

It is the purpose of the present paper to 
show that similar conditions obtain in sub- 
stitution reactions of chlorine atoms and hydrocarbons, as will be shown in 
the following paragraphs. 


R. 

®R— H* 

permute. 

CH3 . 

102-5 

C.H, . 

97-5 


95-0 

*so-CjH, 

94-0 

89-0 


8G-0 


Substitutive Chlorination Reactions. 

The substitutive chlorination of hydrocarbons place 

to the overall reaction : 


RH -1- a, -► RCl -f HQ 

but it ^ now generally accepted that such reactions proceed by a Tner.haTiigTn 
involving reaction chatos initiated by chlorine atoms : 

Cl -f. RH = R -f HCl 

R -f- a, = RQ -f a. 

This mechanism cannot be said to have been established beyond all doubt. 
However, the evidence in its favour is very considerable.* In any case, 
any doubts which might be cast upon it relate rather to the chain- 
termination steps rather than to the actual chain propagation. Such 
uncertainties, however, do not afiect the present issue. The alternative 
mechanism ; 

Cl -}- RH -► RQ -1- H ; 
a, -f H -► HCl -f Cl, 

may be discounted as being energetically unfavourable. 

The reaction takes place at r^tively low temperatures, above about 
200® c. At that temperature the thermal equilibrium dissociation of 
Clj into chlorine atoms, and equally the homogeneous rate of 
is very small and cannot account for the observed rate of reaction. On 
the otiier hand, no substantial influence of the surface in increasing the 
rate of the reaction has been noted.* From these facts we conclude that 
the reaction chains both start and conclude on the wsdl. Thus the 
reaction t ake s place according to the following Tmyiham'Hm ; 

Qj -j- wall -► 2 CI d 

a -f RH -► HCl + R *1 
R -}- a, -»■ RQ + a A, 

Cl -j- wall adsorbed Cl r 

Using the usual stationary-state treatment this leads to the following 
equation for the formation of RQ ; 


d(Ra) 

df 




(I) 


* Evans and Polanyi, Trans. Feeraday Soc., 1938, 34, ii. 

T * Walz, J. Amor, Chem. Soc., 1931, 53, 3728 ; Yuster and Reyerson, 

/. Cham. Physics, 1935, 39, 859; Vaug^ and Rust. J. Org. Che*n., 1940, 5, 449; 



90 


REACTION RATES OF CHLORINE ATOMS 


■which shows that apart from the constants governing the formation and 
rfir.n-mhi-nfl.-H rtT^ of chlorine atoms the rate of substitution is governed by 
that of reaction (/^i) only. 

While formula (i) does not allow one to calculate the rate of ruction 
(Aj) because Tn ot''hing is known of the dissociation and recombination 
rates (d) and (r), it nevertheleas afEords a convenient meana of comparing 
relative substitution rates, for instance on primary and secondary carl^n 
atoms of the sa.Tne hydrocarbon molecule. Assuming the suhsti^tion 
reaction to be carried out on propane, we find for substitution on the primary 
carbon atoms, leading to i-chloropropane : 

and for substitution on the secondary atoms leading to 2-chloropropane : 

A?.i.(RH).(Cl,) . . . (3) 

d/ t^r 


Dividing (2) by (3) we find : 

d(RiCl) __ ^ 
d(R.Cl) - *ii 

or, integrated : 

(RiCl) _ ^ 
(R.C1) kY 


(4) 


This shows that the relative yields of the primary- and secondary-reaction 
products directly give the ratio of the two rates. Thus horn a <juanti- 
tative examination of the products of substitution reactions the relative 
rates of the reaction of a chlorine atom with a hydrogen atom bound to 
a primary or secondary carbon atom can be calculated. Such eaperi- 
ments were carried out by Hass and collaborators.® 

TTaaa has measured the relative amounts of primary, secondary, and 
tertiairy monochlorides produced 1^ substitutive chlorination, in hydro- 
carbons from which at least two isomeric products can be formed. The 
reactions with propane and isobutane were investigated at a senes of 
temperatures, and various ratios of hydrocarbon to chlorine in the re- 
action mixture ; also four other hydrocarbons, viz., butane, pentene, 
*so-pentane and pentane were used, each at one temperature and one 
hydrocarbon /chlorine ratio. That part of Hass' data relative to the 
present discussion is presented in Table II. 

The results in Table II give no information horn which absolute rate 
constants may be found, but, as explained above and as shown below, 
from the relative amounts of the substitution products, the ratios of 
rate constants for reaction ax different carbon atoms may be calculated. 
Hass a *' relative selection ” (R.S.}, which takes into accoxmt the 

a priori probabilities of substitution at the various kinds of carbon atom, 
these being dependent on the number of hydrogen atoms which are avail- 
able for substitution on each carbon atom. Thus, where is the number 
of hydrogen atoms on a secondary carbon atom, the number on a 
piimary carbon atom, and (R.S.)a®, i" the relative selection in favour of 
secondary substitution, we have : 


(R.S.)a'', 1* =* 


% 2° product ^ 
% I® product ' »2| 


(5) 


An analc^oxis relation holds for tertiary substitution. 

dearly the relative selection defined in the above manner is equivalent 


• Hass, McBee and Weber, Ind. Efig. Chsm., 1936* 333- 



H. STEINER AND H. R. WATSON 


91 


to the ratio of the rate constants for the corresponding substitution 
reactions (see eqn. (4)). Then, where k is the rate constant, E the 
activation energy, and A the temperature-independent term in the 
Arrhenius equation, we have : 


log.. (R.S.)s*,r - log.,^ + i . 
log,. (R.S.)8M- - log..^ + ^ . 


£1 -R. 

2-3032? 

2-3032? 


(6) 

( 7 ) 


The subscripts i, 2, 3 in these equations refer to primary, secondary and 
tertiary substitution respectively. 


TABLE II. — Relativk Substitution at Primary, Secondary and Tertiary 
Carbon Atoms in the Monochlorikation of Hydrocarbons, atter 

Hass.« 


HydiDcarbon. 

Temp. 

•c. 

Ratio 

Hy/a. 

%i". 

%a*. 

■1 

Propane 

490 

2 

wM 

44-3 



• • 

300 

2 


52-4 

— 

If • • 

600 

9 


42-2 

— 

„ 

475 

21 

53*9 

46-1 

— 

• * • • 

550 

x6 

58-4 

41-6 

— 

If • • 

300 

8 

47-2 

52-8 

— 

/ 5 obutane 

400 

2 

70*3 

— 

29-2 

>f • • 

325 

2 

bS-S 

— 

31-a 

9$ • « 

375 

2 

69-1 

— 

30-9 

If • • 

400 

8 

70-2 

— 

29-8 

If • • 

boo 

2 

76-5 

— 

23-5 

ff • • 

300 

2 

66-5 

— 

33-5 

ft • • 

300* 

2 

66*7 

— 

33-3 

Butane 

300 

7 

32-0 

GS-o 

— ■ 

Pentene 

330 

16 

24-0 

76-0 

— 

J 5 opentane . 

330 

16 

50-0 

28'0, 

22>0 

Pentane 

440 

7*5 

30-0 

70*0 



In cases where the temperature dependence of the relative selection 
is known, the ratio of the ^-feictors and the difference of the activation 
energies may be found, though neither of these values may be found 
absolutely this method. The necessary data are available only in 
the cases of substitution of propane and tsobutane. In Table III are 
shown the results of calculations from these data, and, in Fig. x, the 
logarithm of the relative selection is plotted against the reciprocal of the 
absolute temperature for these two hydrocarbons. 

In either case, a reasonably straight line passing through the origin 
is obtained, leading to the conclusion that to a fair approsiination ^e 
j4-factors are substantially the same in each case. Fu^ermoie, from 
the slopes of the lines, the differences of activation energy are found to be : 

jEi — £a = 1*35 kcaL, for propane ; 

Ex — E^ — 1-74 kcal., for irobutane. 

These values are probably accurate to within :J= 0-2 kcal. It is dear 
from these results tlmt the increased rate of substitution in going from 
primary to secondary, and from secondary to tertiary hydrogw atoms is 
due to a decrease in activation energies. In what follows, therefore, we 

* Also six more runs at this tunperatuie, with results negligibly different 
from those given here. 
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shaU assume that difEerences in rates are due entirely to difierences in 
activation energy. 



Correlation of Activation- Energy Differences with Bond-Energy 
Differences. — ^The activation-energy differences found in the last section 
may be compared with bond-energy differences calculated horn the values 
given m Table I. The difference of bond-energy between primary and 
secondary C — bonds in propane is 6 kcal. per mole ; and if we make 
the reasonable assumption that the primary bonds m n-butane have the 

TABLE III — ^Rblativx Selections as a Function of Temperature m 
THE Chlorination of Propane and /wbutwe. 


Hydiocarbon. 

r*K. 

x/Tx 10*. 

(R.S.) 

logit (RJ 5 .) 

Propane . 

763 

13*10 

2*35 

0-371 

„ . . ' . 

573 

17*44 

3*2 

0-505 


873 

11*45 

2-19 

0-340 


7^ 

13*36 

2-56 

0-408 


823 

12*13 

2-14 

0-330 


573 

* 7-44 

3*35 

0*525 

Jsobutane 

673 

14*86 

3*71 

0-569 

II • * 

598 

16-70 

4*23 

0-626 


048 

15*41 

4*03 

0-605 


673 

14-86 

3-83 

0-583 

II • ■ 

873 

11-45 

2-76 

0-441 

II • 

573 

17*44 

4*54 

0-657 

II • • 

573 

17*44 

4*49 

0-652 


same strength as the piimary bonds in iso-butane, we have also that the 
difference m bond energy between the primary and tertiary bonds in 
iso-butane is 8 kcal. per mole. Using the 83mibol Q for the C — bond 
energy we have : 

™ 6*0 kcal. per mole for propane ; 

Ai*6 = 8*0 kcal. per mole for tso-butane. 

We have also, from the last section : 

Ai*E = 1*35 kcal. per mole for ^iropane ; 

=» 1*74 kcal. per mole for tso-butane. 

Then if "we write : 


AE^ PAQ . 


. ( 8 ) 
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we find that for propane, j8 = 0-225, while for tso-butane, jS = 0-218. 
These two values are substantially identical, showing that, for these 
hydrocarbons at least, the anticipated proportionality does exist. In 
view of the considerable uncertainty in the values, we shall use j 3 = 0-22 
in further calculations. 

We note that the proportionahty constant jS has nearly the same 
i-alue as the equivalent constant a derived by Butler and Polan3n ^ when 
correlating the energy differences of C — bonds in alkyl iodides and the 
differences of acti'V'ation energies of the reaction of sodium atoms with 
alkyl chlorides.* These reactions aie of the type : 

Na 4- Ra = Na+Cl- + R 

i.e., they involve an electron switch (diabatic reaction) associated with 
the transition from the homopolar RCl molecule to the polar Na+Cl“. 

The rdation of Polan3d and collaborators applied particularly to such 
cases and was derived under the following assumptions. 

(1) There is no repulsion between the sodium atom and the chlorine 
atom in the RQ molecule when the former approaches the latter up to 
the transition-state configuration. The necessary energy for the reaction 
IS given entirely by the extension of the RCl bond. 

(2) There is no appreciable resonance in the transition state so that 
on a potential-energy plot the activation energy is given to a good ap- 
proximation by the crossing-point of the extension curve of the RCl molectde 
and the repulsion curve of the Na'Kll~ molecule and the radical R. 

It is important to note that the present reactions are in an entirdy 
different ck^. They must be classed as adiabatic, and resonance in the 
transition state is to be expected to play an important role ; assumption 
(2) -tterefore cannot apply. Reactions of this type, viz. : 

a + HR = HCl -f. R 

have been treated by the semi-empirical method of Eyring. In particular, 
based on this method, Hirschfelder * derived a sim|^ equation identical 
in form to that of Polanyi and Butler relating bond strength of the bond 
to be broken to activation energies, for three-atom reactions of this t3q>e. 
The proportionality constant was found to have a value of about 0-055, 
about I /5th. of that found for the reactions of alkyl halides with sodium 
and about i/4th of that found in the present case. This relation of 
Hirschfelder refers to the absolute value of the activation energies, 
wher^s the Polanyi and Butler equation and that used here apply to 
difference of activation energies of riosdly related reactions. Though there 
is no reason to expect that -^e proportionaJity constants for the absolute 
values of activation energies (Hirachfelder formula) and that for the 
present differences of activation energies should be identical, the differ- 
ences in order of magnitude are surprising. It is cle&u: that in rdlatlon 
to the differences in bond strength the (Terences in activation energy 
are very much greater than the relation between bond strength and the 
absolute values of the activation energy would lead one to expect. 

The fact that the proportionality constant in the present case is not 
vray much smaller than that found by Butler and Polanyi leads one to 
the following conclusion. If the method of plotting potential energies 
against extension of the R — bond is adopted, the course of the reaction 
can, according to Evans and Polanyi,* be pictur^ as given in Fig. 2. Here 
Ji and J, refer to the extension curves of two R — H bonds of different 

* The fact that the bond strengths of C — I bonds are compared with reactions 
of alkyl chlorides, ie. C — Cl bonds instead of C— -I bonds, has been justed 
by Buffer and Polanyi,* who shoived that a gr^nation of the C — Cl bond strengffis 
in these ^kyl halides should be identical with that of the corresponding C — 
bonds. 

r Hirschfelder. J. Chem. Physics. 1941, 9, 645. 
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strength, the chlorine atom being pushed into the position which it would 
assume m the transition complex. These curves axe displaced from the 
normal extension curve of the R — H bond by the amounts and Sg, 
which correspond to the energy of repulsion of the chlorine atom and the 
RH molecule. The repulsion curve of HQ and R is represented by curve 
II and is assumed to be identical in both cases. The dotted curve repre- 
sents the actual reaction path, taking account of the lowering of the 
activation energy due to resonance. The activation energy is then given 


by: 

£ = 5 + B - R, 

where 

S = repulsion energy, 

B = bond-extension energy. 

and 

R a= resonance energy. 


For the difference of two activation energies we have : 

AE = AS + AB - AR. 

Now if it is assumed that AS and —AR are either small and negligible, 
or are of similar value and therefore cancel each other, we And that 

AE AH, 



Fig. 2, — ^Potential Energy Diagrams of Systems. 

Rj . . H . . . a and Rg . . . H . . . Cl 

namely, that the diflerence in activation energy is due mainly to the 
diSerence in extension of the bcmd, which is ^e result arrived at by 
Folanyi, and which leads to his proportionality factor of 0*27 between 
bond energy and activation energy. The fact that in our case a value 
not much smaller than this was found must mean either that the differences 
in repulsion energy and resonance energy in going from substitution at a 
primary carbon atom to that at a secondary atom are small, or that these 
teems cancel each other. 

A Further Extension of the Correlation of Bond Eziergy,and Activa- 
tion Energy Differences. — ^It has been shown in the last section that from 
Haas' results where data are available over a range of temperature, there 
is obtained the same value of j 3 in either of the cases consideTed. It is 
also clear that in these two cases the ratio of the temperatuxe-independent 
hictors in the rate eqnaiions for substitution in the different x>ositianB is 
approximately unity. If we assume that these values still hi^ for the 
other hydrocarbons givea in Table II, we may extend the calculatioas 
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accordingly. The hydrocarbons concerned are butane, pentene, iso- 
pentane and pentane, where, in each case, data exist for substitution at 
one temperature only. 

^ . . . . ( 9 ) 

Ai 

Assuming, as indicated above, a A’alue of unity for A^lAjj this becomes : 

log..|f = log„(R.S.)=-.i- = ^^ . . (10) 

For butane from Table II, (R.S.)2",i" = 3‘T9, and T = 573“ k. Substitu- 
tion of these values m eqn. (10) yields the result : 

Ai*jE = 1*33 kcal. per mole. 

We are now unable to proceed along the same lines as before, to obtain a 
■^ue of AE/AQ, because there is no value available for the energy of 
the secondary C — bond in butane. However, the reverse procedure 
pjin be maHft to give such a value. Using eqn. (8), and a value of ^ = 0-22, 
we a value Aj*Q of 6-o kcal. per mole. Combining this with the Aralue 
of 94-0 kc^. per mole for the primary C — H bond strength in butane, as 
given in Table I, we obtain a value of 88*0 kcal. per mole for the cor- 
responding secondary bond strength. While it is not possible to m^e 
any direct estimation of the accuracy which may be expected of this 
value, we may at least observe that it falls naturally into the sequence 
of values given in Table I, and is to this extent convincing. 

We may proceed in an analogous manner to find the difierences m 
activation energy in the cases of the two pentanes given in Table II. 
There are also data for " pentene," but since the nature of the isomer is 
not stated, calculations would be of no value. 

Apjiying the same methods to the pentanes, we obtain the following 
results : 

for »-pentane : Ai*E = i*ii kcaL per mole ; 
for i5o-pentane : Ai'E — i*io „ „ 

for »5o-pentaae : Ai*E — i-dy „ „ 

Using eqn. (8) and the same value of as before, we thus find for the 
differences in bond energies : 

for n-pentane : Ai*Q — 5-0 kcal. per mole ; 
for iso-pentane : Ai*Q == 5-0 „ „ 

for iso-pentane : Ai*0 = 7*5 .» 

These last results show that the differences found for the pentanes 
are slightly but distinctly lower than the corresponding differences for 
the four and three carbon-atom molecules. 

The results do not permit the calculation of absolute bond-energy 
values, as in the case of butane, since there are no data available for the 
primary C— H bond strength in «- or iso-pentane. In the following 
section we shall, however, derive an empiricrd rdation which allows one 
to estimate that quantity. 

Extrapolated Bond Energies. — ^An examination of the ^nd-energy 
values given in Table I shows that in passing along the seii^ of norn^ 
paraffins, not only do the absolute values of the C — bond energies 
decrease, but thera is also a foil in the differences between successive 
values, indicating the existence of an as3nnptotic limit to the bond energy 
as the number of carbon atoms in the chain is increased indefinitely. 
An empirical relation representing with foir accuracy the results for the 
primary C — H bonds in normal paraffins was found as follows : 

= Qo + -4 . ijn 


• (11) 



96 REACTION RATES OF CHLORINE ATOMS 

where g* is the energy of the primary C — H bond of the paraffin with n 
carbon atoms^ Qo is lie limiting value lim and Aisa constant. Fig. 3 

n-^-oo 

shows a plot of the value of as taken from Table I, against the reciprocal 
number of carbon atoms. A reasonable straight line is obtained, in- 
dicating an asymptotic limit of about 91*5 kcal. per mole. It is to be 
noted tiiat this value is only about 2*5 kcal. per mole lower than the value 
for «-butane, a much smaller decrease than is observed in passing from 



methane to w-butane. For the present discussion we require the ^alue 
of 93*5 kcal. per mole obtained from Fig. 2 for the bond energy of the 
primary C — link in «-pentane. 

Some Further C— H Bond-Ener^ Values — Having now a value for 
the energy of the primary C — bond in ^^-pentane and assuming, as was 
done for the butanes, the same value for 1^ same bond in uo-pentane, 
we may make further use of the bond-energy differences for the pentanes, 

TABLE IV. 

SUUMARY OF CAXCULATXD BoND STRBNOTHS. 


Fotafilii. 

BotcU 

StioBgth. 
kcal. nude. 

«-butaoe 

Secondary 

SS-o 

n-pentane 

Primary 

93-5 

»$ • 

Secondary 

88-5 

iso-pentane . 

P9 

Tertiary 

88-5 

$» • 

86-0 


derived earlier. Use of these values gives the following additional bond 
energies ; 

secondary bond in M-pentane : SS‘5 kcal. per mole. 

„ „ iso-pentane : 88-5 „ „ 

tertiary „ „ 86-o „ „ 

We may note that the secondary bonds in n- and iso-pentane have 
substantially the same energy as the corresponding bond in M-butane, 
a value only i'0-i*5 kcal. per mole less than lliat for the secondary C — 
bond in propane. We have also a similar equality between the energies 
of the tertiary bonds in iso-pentane and iso-butane. The energy changes 
in passing along the series are thus seen to be ^*ery small in i^ese cases, 
a shite of affairs which is naturally to be expected by comparison with 
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the results giveu for the series of primary bonds. The effect of increasing 
the number of carbon atoms is to decrease the secondary C — bond energy, 
just as the primary C — "H. bond energy is decreased, but to a lesser extent. 
In the case of tertiary bonds, only two being available, no decrease is 
observed. 

In conclusion, it is convenient to summarise in tabular form the various 
additional bond strengths calculated in this paper. These data are given 
in Table IV, where the results are given without reference to the method 
by which they have been derived. 


R68tim6. 

On discute les experiences de su'tetitntion du chlore dans les hydrocarbures 
saturds. On salt que la reaction est une reaction en chatne, dont la vitesse est 
ddtermin^e par I'attaque de la parafi&ne par Tatome de chlore. On d6montie 
ici que, lorsqu'un certain nombre de produits r^sultent de la substitution 
d'atomes dhydrogbue li 4 a k diffdients atomes de carbone, les vitesses relatives 
de reaction des atomes de ablore avec les diffdrents atomes dhydrog^ne peuvent 
dtre calcul 4 e 8 k partir des rendements relatifs en produits rdsultants. Les dif- 
f^nces Ha.Tia les vitesses de reaction sont attribu^ principalement aux differ- 
ences d'energie d'activation, qui suivent I'ordre : primaire > secondaire > 
tertiaire. Ces demifares sont relides aux differences correspondantes des energies 
de liaison. A leur tour, lea differences de forces de liaison sont estimees partir 
des differences d'energies d’activation. 

Zusammenf assung . 

Die Substitution von Chlor in ges&ttigten Kohlenwasserstoffen wird be- 
sprochen. £s ist bekannt, dass dies eine Kettenreaktion ist, deren Geschwindig- 
keit vom Angiifi des ParaffinmolekfUs durch ein Chloratom bestimmt wird. 
Es wird nun gezeigt, dass, wenn eine Eeihe von Frodukten durch Substitution 
an verschiedmen l&ihlenstoffatomen entatehen, die relative Geschwindigkeit 
der Reaktion an verschiedenen Stellen axis der Znsammensetzung der Produkte 
berechnet werden kann. Die Geschwindigkeitsunterschiede weiden haupt- 
sSUhllch Unteischieden in der Aktivieiungswaxme (primar > sekundflx > tertitir), 
die mit den entsprechenden Differenzen in den Bindungseneigien im Zusammen- 
hang stehen, zugeadbuieben. Andererseits kOnnen Differenzen in der Bindungs- 
starke aus den Unteischieden zwischen den Aktivierungswarmen berechnet 
werden. 

Petrocarbon Limited, 

Txuining Road, 

Trafford Park, 

Manchester, 17. ’ 


THE STRUCTURE OF METHYLENE. 

By R. G. W. Norsish and G. Porter. 

Received i^h August, X947. 

The occurrence, stability and chemical behaviour of methylene has 
been a matter of much conjecture since Nef, in a series of papers between 
1892 and 1897, described over a hundred compounds of bivalent carbon. 
It has been frequently pointed out on theoretical grounds that methylene 
might be considered as the simplest organic compound and one with the 
properties of a ph3^cally and chemicadly stable molecule arising from a 
*P carbon atom. On the other hand it has often been postulated as a 
highly reactive intermediate in many organic reactions, with the nature 
of a free radical. It is our purpose to review the evidence in the light 

D 



98 THE STRUCTURE OF METHYLENE 

of some new data and to attempt to decide which of the above gives the 
better description of the known properties of methylene. 

Occurrence. 

The existence of methylene is now well established, the first proof 
ha\*ing been obtained by Norrish, Crone and Saltmarsh ^ from the photo- 
chemical decomposition of ketene which was shown to decompose on the 
absorption of light in the region 2600 a. to 3850 a. according to the 
equation : 

2 CHjCO CjH* + 2 CO 

the primary change being rupture at the olefinic bond to give methylene 
and carbon monoxide. Ross and Kistiakowsky ‘ found that the quantum 
yield in the region of maximum absorption was near to unity and con- 
cluded that the ethylene was formed by bimolecular collision of two 
methylene radicals. Norrish and Kirkbride ’ showed that diazomethane 
behaved similarly on photolysis, the primary split being into methylene 
and nitrogen. Bawn and Dunning* have concluded that methylene is 
also obtained from the reaction zNa + CHsX, -► CH, + zNaX, ethylene 
again being the final product. 

The occurrence of methylene in the thermal decomposition of hydro- 
carbons, in particular met han p, is still controversial; it was reviewed at 
a Discussion of this Society in 1939 * and will not be considered further 
here, except in so far as it i^o-ws light on the structure of CH,. 

The most direct evidence of the existence of methylene is derived from 
experiments using the Paneth-mirror technique. I%neth himself made 
several unsucc^ful attempts to prepare and detect methylene,* his 
failure possibly being due to the unsuitability of the detectors (carbon 
and benzoic acid) which he used. Rice and his co-workeis, in a long series 
of experiments on the thermal decomposition of hydrocarbons, found that 
only alkyl radicals could be detected. They subsequenidy detected 
methylene in the decomposition products of diazomethane ^ and found 
that it had a half-life similar to the alkyl radicals, and at higher tem- 
peratures reacted to give methyL Belchetz and Rideal reported methylene 
radicals in the thermal decomposition of methane* and concluded that 
they reacted in about io~^ sec. to give methyl. Pearson, Purcell and 
Saigh * obtained methylene from the photochemical and thermal decom- 
position of diazomethane and the photochemical decomposition of ketene. 
They detected it by the mirror method, analysed the products and made 
a detailed study of its properties. 

The occurrence of methylene is thus well established. It remains to 
see what information the experimental data give us about its structure. 


The Reactions of Methylene. 

(a) With Itself. — Methylene reacts with other methylene radicals to give 
ethlyene, and it is in connection with this reaction that the strongest evidence 
of its stability compared with other free radicals has been found. In the work 
mentioned al^ve, Pearson and his co-workers found that although the half-life 
of meth3dene in diazomethane was 5 X sec., in ketene it had a much greater 
half-life which, although not measure^ was greal^ than 0*1 sec. They concluded 

^Norrish, Crone and Saltmarsh. /. Chem. Soc., 1933, 1533. 

* Ross and E^tiakowsky, /. Anier. Chem, Soc., 1934, iirz. 

•Norrish and I^kbride, f. Chem. Soc., 1933. HQ. 

* Bawn and Dunning, Trans. Faraday Sac., I 939 i 35 t 183. 

* Barrow, Pesuson and Purcell, ibid., 880. 

* Faneth and Laut^, J. Chem. Soc., 1935, 380. 

* Rice and dazebrook, J. Amer. Chem. Soc., 1934, 2381. 

* Belchetz and Rideal, tbid., I935> 57 f 1168. 

* Pearson. Purcell and Saigh. J. Chem. Soc., 1938, 409. 
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that methylene is to be regarded as a highly reactive molecule formed from bivalent 
carbon rather than as a free radical in the sense that methyl is. In view of the 
importance of this conclusion we have repeated these experiments on the photo- 
lysis of ketene and as described below have confirmed tlmt radicals are liberated 
which may have a relatively long life. However, comparison experiments with 
acetone have shown that the methyl radical has a lifetime of the same order, 
under the same conditions and that the lifetimes of both radicals may be varied 
within wide limits by varying the conditions of the experiments. 

Experimental . 

Ketene wras prepared by the pyrolysa of acetone at 700“ c.^® and carefully 
fractionated between three traps at — 105®, — 130“ and — 187“ until further 
fractionation effected no separation and all the distillate collected in the middiR 
trap. Vapour-pressure determinations at several temperatures gave values 
agreeing (dosely with those of Pearson, Purcell and Saigh. Our apparatus ivas 
Rimilftr to theirs ; in the first experiments a quartz tube ii mm. diam. and -water- 
cooled at the illuminated part, w^s used, the rate of flow -was 12 m./sec. and the 
pressure 1*3 mm. Hg measured by Bourdon gauge, all mercury being ehminated 
from the apparatus. Our light source was a 7^ kw. high-pressure mercury- 
vapour lamp in a searchlight holder -with alnmininm reflector which, wi-th an 
additional quartz lens, gave a sharp focus about 2 cm. diam. of very high intensity. 

It was found -that -tellurium mirrors -were leadUy remo-ved even in the cold, 
though in -the quantitative experiments they -were h^ted to about 80° to prevent 
polymer formation. Se-veiul methods of making standard mirrors were tried. 
Ihe first consisted of condensing -the metal on to a -weighed glass rider controllable 
magnetically, reweighing and revolatilising on to the -tube. By this me-thod it 
was found that of ^tene passed, 0*003 % decomposed to give flree radicals. 
The times required to remove a weighable amount were incon-venien-tly long and 
the me-thod used in obtaining the results below -was -to make a mirror on tube 
longer than a standard comparison mirror, and take the time from its reaching 
standard length to complete remo-val. Altiiough this wras not capable of any 
greater accuracy than was obtained by previous workers it had the ad-vantage 
that any errors due to incomplete “ clean-up ” al^ad of -the mirror were eliminated. 

It was soon apparent -that -the radicals obtained in this manner decayed 
fairly rapidly along -the tube, the following results being obtained in the order 
gi-ven : 

Distance of mirror from li£d>^f= source (in cm.) 

70 67 68 17 18 70 57 55*5 60 74*5 26 35*5 90 95 23 11*5 

Time of lemo-val of mirror (in sec.) 

480 535 510 260 237 485 395 393 405 545 235 360 900 900 270 220 

As a check -the experiments were now repea-ted, -with carefully refractiona-ted 
acetone and with the flow conditions as nearly as possible identical with those 
abo-ve. The following results -were obtained : 

Distance of mirror from light source {cm.) 

74*5 15-5 74-5 lA 36-3 3i-5 49'5 10 89 18 92*5 

Time of removal of mirror (sec.) 

337 122 337 1 18 196 182 305 90 430 130 430 

Taking the activity A of methylene as inversely proportional to the timA of 
lemo-val a£ the mirror we find that these resul-ts show some deviation from the 
nnimolecnlar law. The half-life time at 30 cm. from the light source calculated 

from the equation <1 = ° is 35 X io-»8ec. for ketene and 22 x 10-* 

^ ^ logi4i -logil, 

sec. for acetone. 

Thus in our appara-tns the half-life of methylene in ketene -was not very much 
longer than the hw-life of methyl in acetone under the same conditions. The 
experiments were now repeated under a variety of conditions. Fyrex tnbes wrere 
used in place of quartz, the rate of flow, jnessuie. concentration and method of 
cleaning the -tube were -varied and dMerent metals were used, but in the course of 
nearly two hundred experiments with many samples of ketene and acetone no 
great difference between -their respective half-lives was found, although the 
haU-life of both was changed considi^bly by altering the conditions. The mstin 
factor influencing the lifetime of the radicals seemed to be concentration. The 

10 Hurd and Talljm, J. Amer. Chem. Soc., 1923, 47, 1427. 
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curves in Fig. i and Fig. 2 ate plotted from the results obtained with ketene and 
acetone respectively in a longer tube, using a rate of flow of 2-5 m./sec. The 
concentration of radicals was less than above, the mirror removal times being 
between 7 and 70 min. The activity A is put equal to the ledlptocal mirror- 
removal time in min, x 100. 



Fig. I. — ^Unimolecular decay^curve for methylene. 


It is apparent from these curves that tiiere is considerable departure from the 
unimolecular rate law and that the lower concentration of radicals has increased 



their lifetime in both cases. Taking points of equal concentration on these 
curves we get for the " unimolecular ” half life-time : 

half-life of methyl at 20 cm. »= 60 x 10-* sec. 
half-life of methylene at 20 cm. == 130 x to-« sec. 
and for a lower concentration : 

half-life of methyl at 60 cm. s rpo X to-* sec. 
half-life of methylene at too cm. as 400 x to-* sec. 
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Thus the half-life of methylene has been extended to the same order as was found 
by Pearson but the half-life of method under the same conditions has also been 
extended to half this value. 

It IS difficult to predict what will be the effect of concentration imder the 
conditions of stream-lined flow whidi hold in these experiments but other 
workers also have formd that the half-hfe of radicals coiffd be varied within 
wide limits by quite small concentration differences. Thus Pesirson found that 
the half-life of methylene in diazomethano at 2 mm. pressure was extended from 
3 X io~® to 250 X 10-® by the addition of only 2 mm. of nitrogen and Paneth 
found that the half-life of methyl in helium and a heated tube was o*i sec. and 
concluded " We have no doubt that under still more favourable conditions the 
existence of free methyl might be prolonged still further.” 

It is thus very important when comparing the lifetimes of radicals in flow 
systems to do so under identical conditions. When this is done the radicals 
obtained from ketene and acetone photolysis are fotmd to have similar half- 
lives, the half-life of methylene in our experiments being about twice that of 
methyl. The fact that the lifetime varies over such wide limits with different 
conditions of concentration, etc., would e^lain why Pearson and his co-workers 
obtained different values for the two radicals, the work on acetone having been 
carried out several years previously to that on ketene. 

The great similaritj* between tiio two radicals in the above experiments and 
also in then reactivity with metals (see below) raises the question whether we are 
actuall}’’ deohng with the same radical in both cases due to disproportioiiation 
reactions such as : 

a CH, -h CH, 

a CH,-> CH, -f- CH 
CH, + CH,CO CH, -f CHCO, etc. 

There is strong evidence that this is not the case. Firstly, the hydrocarbons 
formed are almost exclusively ethylene with ketene,^' and ethane and other 
unsaturatea with acetone.** *‘ Secondly, an analysis of the products formed with 
tellurium gave methyl tellurides with acetone *' and tellurformaldehyde with 
ketene * and thus it is weU established that we axe in ffi.ct dealing with the methyl 
and methylene radicals respectively. 

We may therefore conclude from these experiments that the reactions of 
methyl and methylene radicals with thexns^ves occur with simila-r readiness under 
the same conditions. 

(b) Reaction with Hydrogen. — ^Bawn and Milstead,*^ using methylene 
formed frcmi. the reaction of sodium on methylene halides, foimd that at 300° 
metluine was formed and suggested the reaction : CH, + H, ->■ CH,, wbmeas 
Rosemhlnm ** using methylene from the photolysis of ketwe found a high pro- 
portion of saturated hydrocarbons including polymers and favoured the reaction 

CH, + CH, H- H. 

Using the results of Rosenblum, Wicks has estimated an activation energy 
of 4 ± 2 kcal. for this reaction. In any case, the reaction with hydrogen must 

g roceed readily as it occurs almost to the exclusion of the production of ethylene 
y three-body radical recombination whitfli, as we have already seen, is a rapid 
reaction. 

(c) ReactioxM with Hydrocarbons. — ^There appears to be little doubt that 
the reaction of methylene with hydrocarbons proceeds very rapidly. According 
to several independent authors it reacts with ethjrlene **> ** and ethane ** to give 
polymers, and with methane,*”* ”• ** though there is some doubt about the activa- 
tion energy here, the highe^ estimate being 12 ± 5 kcal.*' Rice found in his 
experiments on the thermal decomposition of hydrocarbons that only all^l 
rafficals came out of the furnace and concluded that methylene must react readily 
with h3Tdrocarbon8 to give methyl. 

(d) Reactions with Metals. — The reactions of both methyl and methylene 

** Pearson and Purcell, /. CAsm. Soc., 1934, 1718- 
** Paneth, Hofeditz and Wunsch, ibid., 1935, 372- 
*' Rosenblnm, 7 . Amer. Cbfim. Soc., 1941, 63t 3322. 

** Damon and Daniels, ibid., 1933, SS* 2363. 

**Norri3h, Crone and Saltmarsih, J. CAsm. Soc., 1934, ^458. 

■ *• Pearson and Purcell, ibid., 1935, 1151. 

*^ Bawn and Milsted, Trans. Fara^y Soc., 1939, 35, 88g. 

** Burton, Davis, Gordon and Taylor. /. Amer. Chem. Soc., 1941, 63, 1956. 

** Rice and Dooley, ibid., 1934, 2747. 
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radicals with metallic mirrors occur very readily, nearly every collision resulting 
in reaction. Both react at room temperature. Forthennore, in our experimenls 
on the photochemical decomposition of ketene described above, we ^ve been 
unable to find any difierence in reactivity of the methylene and methyl radicals 
with different metals unlike Rice who, using methylene obtained from the pyrolysis 
of diazomethane, found ^ that some metals were specific to al^l radicals and not 
removed by methylene. We have found that selenium, teUurinm, antimony 
and bismu^ mirrors vrere all readily removed and as bi^uth was one of the 
metals found by Rice to be specific to methyl the half-life times of both radicals 
were estimated using bismuth mirrors. The same values were obtained as with 
tellurium under the same conditions, the time of removal of mirrors of the same 
density being about three limes as long for bismuth in both cases. Lead and 
zinc minors were equally difficult to remove by both radicals. 

(s) Reacdozu with other Compounds. — ^Reactions of methylene with 
carbon monoxide,*^ diazomethane,‘> ' and ethylene oxide have been described. 
The activation energy of its reaction with oxygen has been assessed at 2 kcal.** 
and with ether at 15 ±5 kcal.** With nitric oxide very little reaction occurred 
but this may be because CH^O, unlike CHjNO, is still a free radical and reacts 
further or is unstable. 


Dlscussioa. 

The above review of the reactions of methylene gives no indication 
that it behaves in any way differently from the known free radicals and a 
comparison of activation energies, when these are a\'a£lable, with those 
for similar reactions of methyl and in particular a comparison of the 
reactions of these two radicals with themselves shows a close parallelism. 
Thus, as far as its chemical behaviour is concerned, methylene is best 
described as a free radical. 

There is nothing in the photochemical data which conflicts with this 
view. The photoc&mical decomposition of ketene occurs at a maximum 
wavelength of 3850 corresponding to an energy of 74 kcal./g. mole. 
This is not sufficient to break the C=C bond but, as pointed out by Nonish. 
Crone and Saltmarsh, the energy of reorganisation of the CO radical to 
carbon monoxide is sufficient to provide the extra energy without any 
additional energy of roorganisation of CH,. 

Theoretical considerations have indicated that the lowest energy state 
of methylene is one with paired spins arising from bivalent carbon. Thus 
Lenoard- Jones ** calculated from group theory that the lowest energy 
state was a singlet and Mecke ** calcula^ from thermal and spectroscopic 
data that the first hydrogen in methane required the greatest energy for 
removal and predicted a greater stability for CHj than CH or CHj. 
Voge,*’ on the other hand, calculated wave-mechanically that the energies 
of removal of successive hydrogen atoms from methane should be almost 
constant but this is now known to be incorrect the first requiring 10 1 
kcal.** and the last 80 kcal.*® 

There are two possible explanations of the free-radical behaviour of 
methylene. The fij^ is that the free-radical structure is actually the most 
stable as the energy difference from the molecular structure is very small 
due to the energy of promotion of the carbon atom from the triplet to 
the quintet state being offset by the extra bonding energy of the two 
C — bonds in the triplet structure. This may be quite l^e, as in the 

•0 Wicke, Die Chemie, 1943, 58, 16. 

» Staudinger and Kupfer, Ber., rgrz, 45, 508. 

“Fletcher and RoUe^n, J. Atner. Chem. Soc., 1936, 58, 2135. 

G^ory and Siyle, Trans. Faraday Soc., 1936, 3a, 724. 

“ Rice and Glazebrook, J. Atner. Chem. Soc., xgs3, 55, 4329. 

“ Lennard- Jones, Trans. Faraday Soc,, 1934, 30 » 70 - 

** Mecke, Z.physik. Chem. B, 1930, 7, loS. 

Voge, J. Cham. Phwcs, 1936, 4, 58r. 

** KistiakowsW and van Artedalen, J. Chetn. Physics, 1944, la, 469. 

“ Hensbeig, Mtdectdar Spectra and Molecular Structure (New York, Prentice 
Hall), VoL 1 . 
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singlet state we are dealing with bonds arising from a pure p carbon 
atomic orbital, whereas the bonds in the triplet structure can be sp digonal 
hybrids. The CH radical with bond strength 80 kcal. gives an example 
of the former type and this is much weaker than sp hybrid bonds, the 
tetragonal hybrid having a bond strength of about loi kcal.*® Further 
there is some evidence that the digonal hybrid bond is the strongest of 
the three sp hybrids ; thus the G — bond length increases and the 
stretching force constants decrease in the series, C,H, -► CaH,,** 

and Cherton ** has found from absorption-limit data that the dissociation 
energy of the C — H bond in acetylene is as high as 121 kcal. This 
question is considered further by Walsh in this Discussion. A recent 
estimate of the energy of promotion of carbon to the quintet state of 65 
kcal.** is comparable ivith the extra bonding energy obtained in this way, 
but the inaccuracy of the above data prevents us from drawng any 
quantitative conclusions. 

The second possibility is that the energy difference between the two 
states of methylene may be quite large but that in aU the photochemical 
and thermal processes considered, it is liberated in the promoted state 
and has a very low transition probability to the singlet structure. Strong 
e^'idence that this is the more probable state of affairs is that of Bawn and 
Dunning * who found that the sodium D radiation was emitted when 
sodium reacted with methylene halides and could only explain this as 

arising from the reaction, Na -1 CH,X -► CH, NaX, the difference 

between the exothermicity of this reaction and the energy of the light 
quantum being furnished by the instantaneous transition of CH, to the 
singlet state. This would require a minimum energy between the two 
states of 27 kcal. 

Spectroscopic evidence is almost completely lacking. A spectrum 
found in comets and later in the laboratory •*• ** and tentatively assigned 
to methylene would give an H — C — H bond angle of 140®, interme^ate 
between the linear triplet and right-angled singlet structures but as it was 
obtained in emission it can in any case tell us little about the ground state 
of methylene. We have made several unsuccessful attempts to obtain 
the methylene spectrum in absorption using flow methods and an intense 
light source and it is probable that a final elucidation of its structure 
will have to be made in this way. Until such evidence is forthcoming 
the chemical properties of methylene liberated in photochemical and 
thermal experiments lead us to t^ conclusion that it behaves like any 
other free radical with unpaired spins and is best described as such. 

Summary. 

We have studied the properties of methylene obtained from the photolysis 
of ketene using the metallic-mirror technique, and find that its chemical behaviour 
is very similar to that of the methyl radical obtained by photolysing acetone and 
used in comparison experiments. In addition an examination of the other 
reactions of metiiylene shows a reactivity in every way comparable witii other 
free radicals. Altiiough the subject is fax from settled it appears probable that 
methylene is normally liberated in the promoted state or is easily activated to it. 
In any ceise, from its chemical behaviour, methylene as normally found in photo- 
chemical and thermal reactions is best described as a free radical. 

RSsum^. 

On a dtudid les propridtds du mdthyl^ne, obtenu dans la photolyse du cdt^ne 
par la technique du miroir ; le comporteznent chimique est semblable h celui 

*® Gordy, J. Chem. Physics, 1946, 14, 305. 

** Cherton, Bull. Soc. Set.. Liige, 1942, il, 203. 

®* Long andNoixish, Proc, Roy. Soc., A, 1946, 337. 

** Herxbetg, Astrophys. J., 1942, 96, 314. 

Herman, Cotnpt. rend., 1946, 223, 280. 
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dn radical mdthyle obtcnu par photol}^e de I’ac^tone. La r^activitd du za6tihyl&ne 
est comparable k, celle d’auties radicaux Hbres. II est probable que le m^thyl&ne 
est normalement Iib6r6 ii l'6tat active on est facilement active. 


Zusammenfassung . 

Die Eigenschaften von dunch Photolyse von Keten erhaltenem Methylen 
sind mit Hilfe dcr Spiegelmethode untersucht worden. Das chemische Ver- 
balten atmelt dem des bei der Photol^-se von Aceton gewonnenen Methyliadikals. 
Die ReaktiAdtit des Methylene ist nut der anderer freier Radikale vergleichbar. 
Es ist -vvabrschoinlich, dass Methylen normalenreise in angeregtem Zustand 
gebildet w'lid oder leicht zu diesem aktiviert vrird. 

Department of Physical Chemistry, 

University of Cambridge. 


THE REACTION OF FREE ALKYL RADICALS IN 
THE GAS PHASE. 

By C. E. H. and C. F. H. Tipper. 

Received xztk Augiist, 1947. 

There is considerable evidence that the thermal and photochemical 
decomposition of hydrocarbons involves the reaction of atoms and radicals. 
A knowledge of the reactions by which these simple entities are consumed 
is necessary in order to formulate the overall mechanism of the decom- 
position reaction. Whilst there have accumulated some reliable data 
on the nature and activation energy of these reactions, much of this in- 
formation is obtained by indirect methods, such as the analysis of the 
mechanism of a complex chapge. It is of obvious importance that the 
rates of these reactions should be obtained by more direct and independent 
methods. Numerous studies ^ have shown that free radicals may be pro- 
duced in the homogeneous gaseous reactions of organic halides with sodium 
atoms in accordance with the general reactions : 

R Hal -1- Na ► Na Hal -1- R - . . (i) 

R Hals + aNa — ► aNa Hal R < . . ( 2 ) 

By using excess atomic sodium, the radical may be prepared in the absence 
of any reactive substance, and thus the method is applicable to the de- 
tailed study of the interaction of radicals amongst themselves and with 
other molecules. 

In the present work reactions (i) and (2) have been used to prepare 
methyl, ethyl and methylene rahcals. The products and acth'atdon 
energies of the disproportionation reactions of the radicals and their 
reactions with molecuk^ hydrogen have been measured. 

Experimental. 

The expeximental method was essentially the same as that used previously.^* 
Two reaction v^sels were employed, {a} a spherical vessel of 5 1. capacity, and (h) 
a cylindrical vessel of 7 cm. diam. The temperatore of sodium " boat " 
was tnaiTitamed constant in all experiments at 300° c. In determioing the 
material balance of a " run ", a known we^ht of h^de was introduced into the 
halide trap (in a sealed capsule), and the experiment continued until all the halide 
had been consumed. The product gases were separated and analysed as (hscxibed 
provionaly.i* 

1 « Pdanyi, Horn and Style, Trans. Faraday Soc., 1934, 30i 189 ; ® Allen 

and Bawn, HAd., 1938, 34, 463 ; • Bawn and Mflsted, ibid., 1939, 35, 889. 
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(3) 

(4) 
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Methylene Radicals. 

Methylene radicals were formed homogeneously by the reaction of methylene 
bromide with a large excess ol sodium atoms : 

+ CHjBrj NaBr + CH«Br- 4 - 10-7 kcal. 

K-a + CH,Br- ► NaBr + CH, . . , 

Previous investigations * showed that reaction (4) was highly chemiluminescent, 
the luminescence corresponding to the D line of sodium. This requires a mini- 
mum energy of 48-6 kcal., and could only arise if reaction (4) were exothermic to 
this extent. If the methjlene produced in {4) were in the bimHirgi state, the 
exothermiaty of the reaction would be about 10 kcal. stiH thus the necessary’’ 
energ3» to excite the sodium must be supplied by a change in the valence state of 
carbon from quadrivalent in the . CH^r- or > CH, radical to the divalent 
state in methjdene. It may be concluded, therefore, that the methylene is 
produced in a singlet state and thus has the nature of a reactive molecule rather 
than that of a free radical. 

Meriiylene in Nitrogen. — ^The gaseous products from methylene formed in 
nitro^n gas (4-8 mm. pressure) at 300-360" c. were, under all eiqierimental 
conditions, a nurture of ethylene and 
methane. No ethane or other h3rdro- 
carbons were formed. Fig. la ^ows 
the variation of the logarithm of the 
methane /ethylene volume ratio with 
temperature at constant mtrogen 
pressure. The material balance of 
the reaction, that is, the amount of 
hydrocarbon formed corresponding to 
the methylene formed, as ^termmed 
by the amount of CHsBr, used, showed 
that at the nitrogen pressures of 7-8 
mm. and temperature around 300® c., 
about 88 of the carbon appeared as 
methane and ethylene. At lower 
pressures or higher temperatures the 
yield dropped to 60-70 “/g. The 
ethylene was formed by dirnerisation 
of the methylene, 


CH, -h CH, CjH* , (5) 



Fig. ia. — Methylene in nitrogen 
5*5 mm. 

Fig. IB. — ^Idethylene in hydrogen. 

=a 6*2 TTlTn- 






and since the percentage increased 
sharply with increase in inert gas 
pressure, it may be assumed that the 
reaction occurred in the gasjphase by 
a triple-body mechanism. The methane might have been formed by reaction 
between the radicals in one stage, viz. 

"I" CHg— ^ CHj -|- C . . • (6) 

or as the two-stage process, 

CHa -t- CH, — j- CH, -f CH . . . . (7) 

CHa 4- CH, ^ CH* -f CH . . . . (8) 

The former process is the more probable as it is unlikely that reaction (7) 
occurred, since a careful search failed to show the presence of ethane in 
the products, as would have been expected if methyl radicals had been 
produced. In spite of the relatively low carbon yield as CH4 and CjH,, 
all the hydrogen initially introduced as methylene appeared in these 
hydrocarbons. 'Diia strongly supports the view that methane ^vas formed 
entirely by reaction (6). The results showed that the percentage carbon 
deficiency in the products was of the same order as that required by the 
production of carbon in reaction (6). This reaction has also been pos- 
tulated by Williamson,® who, in the thermal decomposition of ketene at 
530"55o“ c., obtained CO, CH* and a deposit of carbon. He suggested 
the initial reaction, CH»CO ► CH* + CO, follow-ed by (6). 

* Bawn and Dunning, Trans. Faraday Soc., 1030, «. iSs 

* Williamson, J. Amer. Cheni, Soc., 1934, gd, 2216. 
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The overall activation energy of the reaction calculated from Fig. ia 
is 14-0 kcal. This is the difference between the activation energies of 
reactions (6) and (5). No data exist on the activation energies of these 
reactions, but (5) is highly exothermic and it is unlikely that this simple 
association reaction requires an activation energy. The measured activ- 
ation energy of 14-0 kcal. may be assumed, therefore, to refer to the 
reaction 

CH, -f- CHj ► CH4 + C. 

The possibility that this reaction occurred on the surface of the vessel 
cannot be exduded at present. 

Methylene in Hydrogen. — ^In hydrogen gas the products of the reaction of 
methylene were the same as in nitrogen, viz. methane and ethylene. The ratio, 
CH4/C,H., was higher than in nitrogen and a loss of hydrogen from the carrier 
gas, which amounted to 25-41 of me hydrogen introduced in the halide (accord- 
mg to the experimental conditions), showed that considerable reaction ^tween 
methylene and hydrogen occurred. Fig. is gives the plot of the logarithm of 
the ratio, against temperature at constant hydrogen pressure. The 

slope of the curve ^ows that the difference between the activation energies of 
the methane- and ethylene-forming reactions was 13-5 kcal. If, as before, we 
assume that the dimerisation of CHf radicals to form ethydene reaction lum zero 
activation energy, then this value refers to the reaction producing methane. 
The magnitude of the activation energy is the same as in the corresponding 
reaction in nitrogen but the reaction mechanism is different. An additional 
reaction (9) consuming hydrogen and producing methane must also have taken 
place : 

CH, -I- H, ► CH, . . . . (9) 

The total carbon yield as CH, and C,H, varied from 66-83 methylene 

formed and the d^dency of carbon may be explained by the simultaneous oc- 
currence of reaction (6). Increase in hyrdrogen pressure at conslant temperature 
produced little change in the CH,/C,H. ratio, and thus it appears that the in- 
creased probability of recombination of methylene by triple-body collision was 
compensated by the increased tendency of reaction (9) at h^her pressures. This 
view is supported by the fact that as 1±ie pressure of hydrogen was increased, the 
amount used up increased correspondingly. Rosenbltun,* who photolysed 
ketene in the presence of hydrogen, observ^ the formation of about x °/o of 
methane at room temperature and 8 at 200° c. He proposed the alternative 
reaction : 

CH, -f H, »• CH, -f H . . . . (10 

Reaction (10) is, however, endothermic to the extent of 19 kcal. and thus would 
require an activation of at least this amount. Furthermore, no ethane was 
formed in the reaction. The direct association reaction (9) is slightly exothermic 
and is thns the more probable reaction. It is therefore concluded that the 
reactions occurring were (5), (9) and (6), and that reaction (9) had an activation 
energy of 13-5 kcal. 


Methyl Radicals. 

It has usually been assumed that methyl radicals formed by thermal 
dissociation processes in an inert atmospWe readily dimerise to give 
ethane. It was, therefore, a somevrhat unexpected result when we 
observed that methyl radicals formed from methyl iodide and excess 
atomic sodium in nitrogen at 300-363** gave methane in higher yields than 
ethane. A plot of the logarithm of the ratio of methane to ethane at a 
series of temperatures is shown in Fig. 2. The material balances showed 
that 80-85 '*/o of the carbon of the methyl radicals produced was recovered 
as CH^ + C,H, and that very small amounts of ethylene and no other 
volatile hydrocarbons were formed. The hydrogen balance showed that 
almost all appeared in the CH, -|- C,H,. and thus the missing carbon was 
formed as £c^ carbon, as with the me&ylene reactions. 

The ethane was formed by the straightforward association reaction, 

CH, -f CH, ► C,H, .... (ii) 

* Rosenblum, J. Amur. Chem. Soo., 1938. 60, 28x9 and ibid., 1941, 63, 3322. 
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and since the relative amount of ethane increased -with increase in nitrogen 
pressure at constant temperature, it appears that, at least in part, the 
ethane formation occurred in the gas phase and required a tnple-body 
collision. The formation of methane must have occurred by a dispro- 
portionation reaction of the methyl radical and the most probable reaction 

is CH3 + CH3 ► CH^ + CHj . . . (12) 

The failure to obseiA’e ethylene in tlie products indicates that the methylene 
radicals did not dimerise but underwent further reaction. This must 
be so since the percentage of carbon introduced appealing as methane 
w’as about 60® A, whereas any disproportionation reaction of the above 
type could give only 50 methane as a maximum value. Furthermore, 
the methane ivas not formed by reaction (6) since this process requires 
an activation energy of at least 14 kcal., whereas the activation energy 
of the methane-forming reaction in the present case was only 8 kcal. It 



seems, therefore, that the succeeding stages of methane production were 
the reactions : 

CH, + CH, ► CH4 - 1 - CH . . . (1,1 

CH, -h CH — ► CH* + C. . . . (14) 

These reactions must be relatively fast compared with 
CH, + CH, ► C,H* 

in order to explain the absence of ethylene. 

The energy for the removal of the first hydrogen in methane is 102 kcal. 
and that for the dissociation of the C — ^H molecule is 80 kcal. Long and 
Norrish • consider that the energy for the breaking of the C — ^H bond 
in the methyl radical is approximately that for removing the first hydrogen 
from methame. The C — ^H bond in CH, is certainly much weaker than 
this value. It follows, therefore, that whereas reaction (12) is approx- 
imately thermo-neutral, reactions {13) and (14) are 20 kcal. exothermic. 
Since these reactions, therefore, probably require a lower activation 
energy than (12) it is concluded that (12) was the rate-determining re- 
action for methane production. Assuming that the recombination of 

® Long and Norrish, Proc. Soy. Soc. A, 1946, 187, 337. 
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methyl radicals requires no activation energy, the activation energy of 
8-0 kcal. may be assigned to reaction (12). 

It is not yet certain whether this reaction was heterogeneous or not. 
Increase in the surface /volume ratio of the reaction vessel by i-6 produced 
only a slight change in the CH^/C-H, ratio under comparable experimental 
conditions. It is hoped to investigate this m-atter further in a modified 
apparatus. 

Methyl Radicals in Hydrogen. — The plot of the logarithm of the methane/ 
e thane ratio agamst temperature for the reaction of meSiyl in hydrogen for two 
reaction vessefi is showh in Fig. 3. In the large vessel (5-I. capacity) -^e overall 
activation energy had a small negative value whilst in liie smaller vessel it was 
not greater tl^ +2 kcal. positive. Hence, taking the mean of these two sets of 
data.^ the ratio of the activation energies of the methane- and ethane-forming 
reactions was of the order of i ± 1 kcal. In contrast to the results in nitrogen. 



Fig. 3. — Methyl radicals in hydrogen. Curve i. Spherical 
vessel of radius ix cm. and =:= 5*9 mm, Curve ix. 

Cylindrical vessel of radius 3*5 cm. and Pbi = 6*3 mm, 

all the carbon introduced as methyl radicals was recovered as CH^ -)- CtH,. .As 
before, the ethane was formed by the reaction 

CH, -f CH, ► C;H, . . (15) 

but the methane-piodnciiig reaction was in this case 

CH, + H, ► CH* + H . . . . (16) 

The reaction 

CH, + CH, ► CH* -1- CH, 

found in nitrogen is now exclnded, since not only does this reaction require 
8 kcal. activation energy, but also the subsequent reaction of methylene, namely, 
CH, + H, CH*, has an activation eneigy of X3*5 kcal. The important re- 

action was therefore (16), and had an activation energy of about i kcm. This is 
considerably lower than the accepted value for this reaction, which is fairly well 
established as about g kcal. The result is, however, dependent on the assumption 
that the association reaction (15) has an activation energy of zero. Agreement 
with previous measurements would result if this reaction an activation energy 

of 8 kcal. Since there is no evidence to support the latter view, and no suitaUe 
alternative to (16) may be suggested, we are forced to the conclusion that re- 
action (16) under these experimental conditions occurred as a surtece reaction and, 
as the results in the next section indicate, it was probably cataly^d by sodium 
atoms. Further work is in progress to de^de this question. 

Methyl Radicals In Excess Methyl Iodide Ixx Hydrogen. — When the 
experimental conditions were reversed so that the methyl iodide was in excess 
and a normal difEnsion flame was formed, the ratio of the methane /ethane pro- 
duction increased with temperatuze. The plot of the logarithm of this ratio 
against temperature is shown in Fig. 4 and the slope gives an activatiDn energy 
of 8*8 kcal. The reactions taking place were predsdy the same as those in excess 
sodium, viz. reactions (15) and (16}, since independent investigations have shown 
that the reaction of methyl with methyl iodide, viz. ; 

GH, + CH,I ► CH* + CH,I- . . . (17) 

xequiied an activation energy of 13 kcal. and may thus be exclnded. The 
measqxed activation energy of 8-8 kcal. may therefore be assigned to reaction 
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(i6). This agrees with the results of Haxtel and Polanji* who used the same 
experimental procedure but followed the reaction by measurement of the hydro- 
gen consumed rather than by 
analysis of the products. The 
abnormality of the corresponding 
reaction in the presence of a 
large excess of atomic sodium 
IS not clear, but it does appear 
that sodium in some way b^iaves 
as a powerful reaction catal^’st. 

Ethyl Radicals. 

Ethj'l radicals in nitrogen 
gave large percentage amounts 
of ethane and ethylene, together 
with the dimerisation product, 
butane. The results for a 
nitrogen pressure of 5*2 mm. 
are summarised in Table I. 

It is seen that variations in 
temperature produced little 
change m the products, and the 
ratio of the ethane to butane 
yield was constant. The pro- 
duction of the three gases can — ^Methyl radicals in excess methyl 

be explained by assuming that iodide with hydrogen as carrier gas. 
the following tw’O simple re- PHt=»5‘8mm. 
actions occurred : 



C,H, -f. C,H, ► C^Hxo . 

CjHj -}- CjHj — CtHf -f- . . 

The many other disproportionation reactions such as 

CjHj -}■ CjHj — CBE^ or CjHg ”j" CHj, etc. 
which may be postulated do not seem to have occurred. 


(18) 

(19) 


TABLE I. — ^Rbactiok of Ethyl lonros with Excess Atomic Sodium in 
Nitrogen, 5*2 mm. pressure. (Sodium pressure = 10-* mm.}. 


Mbicaof 
Carbon 
Intiodnoed as 
Cl^5l 10*. 

1 

1 

1 

Temp. 

■c. 

1*79 

302 

1-95 

301 

1-89 

333 

2*o6 

367 

2*00 

321 

I- 9 I 

343 

1-95 

352 

2*13 

300 


Pei oeat. Carbon latiodnced 
appeadnsas: 

CsH,. 

C.H4. 

CiBi*. 

32*5 

21*5 

33 

31-5 

17-5 

36-5 

36-5 

18 

33 

37.0 

21*5 

38 

3G‘0 

s8 

35 

29*5 

i 6-5 

34*5 

35 

i6'5 

41 

30-5 

20 '5 

32*5 


Total 

Carbon 

Yield 

%. 

Total 

%. 

1 Ratio by 
Volume 
Ca^/CiJHj*. 

87 

89 

2-0 

85-5 

88-5 

1-7 

87-5 

91 

2-2 

96-5 

100 

2*0 

93 

93 

1-7 

80-5 

83 

17 

93-5 

96-5 

17 

83-5 

86 

1-9 


Reaction (19) should yield equal quantities of ethane and ethylene, 
but it is observed from Table I that the ethylene percentage was always 
lower than the ethane. This was probably due to a small amount of 
polymerisation of the ethylene, which occurs in the presence of sodium, 
and the ethylene so lost accounts approximatd.y for the difEerence of the 


• Hartel and Polanyi, Z. physih. Cham. B, 1930, n, 97, 
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carbon jdeld from loo %. The ratio of the ethane to butane pelds may, 
therefore be taken as a measure of the occurrence of reaction (19). Since 
this was independent of temperature the dimeiisation and disproportion- 
ation reactions must have the same activation energy. If it is assumed 
that the association reaction of ethyl radicals has zero activation energy, 
then reaction (tg) will occur without activation. 

The low novation energy for the disproportionation reaction is in 
agreement with the observation that ethyl rascals from the dissociation 
of silver eth^d in alcohol readilj’- undergo disproportionation at — 30° c.’ 
The photolysis of ethyl iodide,® diethyl ketone,® and zinc and mercury 
diethyls at temperatures of 25-45° c. produce ethyl radicals and the 
formation of ethane and ethylene in large amounts can be explained by 
the occurrence of the disproportionation reaction. 

Ethyl Radicals in Hydrogen. — ^In hydrogen gas, ethyl radicals formed 
very httie ethylene and thus the disproportionation reaction (19) was replaced 
mainly by the reaction between ethyl radicals and hydrogen : 

+ H, *. CjH, + H . . . . (20) 

The results at an average hydrogen pressure of 7 mm. are summarised in Table II. 
It is seen that the ratio was independent of temperature and thus 

TABLE II. — methyl Radicals in Hydrogen. 

Hydrogen pressure, 7*0 mm. Sodium 
PRESSURE = IO-* mm. 


Tem- 

peratura 

®c. 

Per coat. Carbon 
appLanncf a*i : 

1 

Total 

Carbon 

Yield 

%. 

Ratio 

by Volnmo 

C,H,. 



303 

40*5 

3-5 

40-0 

84*0 

2*0 

316 

38-5 

4*0 

46*5 

89*0 

1*7 

331 

38-5 

4-0 

51*0 

93*5 

1*5 

346 

35-5 

6*0 

52-3 

94*0 

1*4 

304 

36*5 

4*0 

49*0 

89*5 

1*5 

361 

44-0 

6-0 

42*0 

92*0 

2'I 

324 

42-5 

4*5 

43*5 

92*5 

1*9 


the activation energy of reaction (20) is the same as that of radical recombination, 
C^, -H ► C*H„. 

One of us (C. F. H. T.) thanks the D.S.I.R. for a maintenance grant. 


Summary. 


IVIethylene, methyl and ethyl radicals formed homogeneously by the reaction 
of the corresponding halides with sodium atoms at 300-360° c. dimerise and dis- 
proportionate according to the following reaction sc^me : 


CH, + CH, 

C,H, 


. 


cvr, + C,H, 

CH, + CH, i. 

CH, 

+' 

CH, 

(2) 

CH. + CH. 

CH, -1- CH, 

CH, 

+ CH 

( 3 ) 

CH, + CH, 

CH, -f CH 

CH, 

+ 

c . 

(4) 

CH, -1- CH, 


C4H10 . . (5 

-t- CjHj (6 
CjH* . . (7 

CH* -f- C . (4 


In hj'drogen the primary reactions whicdi occur, together with the dimeiisation 
reactions (i), (5) and (7), have been shown to be 


CH, + H, ► CH4 

CH, + H, ► CH* + H 

C,H, + H, ► (VI, + H. 


The activation energies of the disproportionation and hydrogen reactions have 
been determined. 


* Bawn and Whitby, Trans. Faraiw Soc., this Discussimi. 

* West and Schlessmger, /. Amer. CJum. Soc., 1938, 60, 961 

* Ells and Hoyos, ibid., 1939, 6 t, 2492. 

M Moore and Thylor, J. Chsm. Pbysics.t 1940, 8, 466. 
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C. E. H. BAWN AND C. F. H. TIPPER 
RteiimS. 

Les radicatix rndthylfene, mdthyle et 4thyle, formas par reaction homogfene 
des halogdnures correspondants a\'ec des atomes de Na & 300-360° c. se dimfinsent 
et pr^faentent une dismutation ; on su^fere nn schema ddtailld de reaction, en 
I'abscence ou en presence d'hj’drogfene. On a d^termin^ les Energies d ’activation 
pour la dismutation et pour la reaction de Thydrogfene, 

Zusammenfassung. 

Methylen-, Metliyl- und Athylradikale, die bei der homogenen Reaktion der 
entsprechenden Haloide mit Na-Atomen bei 300-360“ c. gebildet weiden, 
dimerisieten und disproportionieren. £s ivird ein ausfdhrliclies Reaktionsschema 
ffir soTPobl Gegen-wart als auch, Abweaenlieit von Wasserstofi vorgeschlagen. 
Die Aktivierungseneigien sind fUr die Disproportionierung und die WasserstofE- 
realrtionen bestimmt woiden. 

Chemistry Deparim&nt, 

The University, 

Bristol. 


LABILE MOLECULES IN THE KINETICS 
OF HYDROCARBON REACTIONS. 

By C. F. Cullis, C. N. Hinshelwood, M. F. R. Mulcahy 
and R. G. Partington. 

Received lyth June, 1947. 

PART I. INTRODUCTION. 

By C. N. IfersHELwooD. 

Two Mnds of labile molecule appear in chemical kinetics : on the one 
hand, the activated complex molecule whose excess energy causes in- 
stability when the correct distribution is achieved ; on the other hand, 
the free radical which in its turn exhibits two kinds of instability : (a) its 
tendency to saturate its valency by combining and (b) its susceptibility, 
in -virtue of its unbalanced electronic structure, itself to suffer decomposi- 
tion into smaller parts. Such internal decompositions of radicals play 
characteristic parts in the p3rrol3^s of ethers. Problems connected with 
these different kinds of instability are presented by the reactions of 
h3tirocarbons in an interesting way. 

One of the most remarkable characteristics of hydrocarbon oxidation 
is the very rapid increase in rate with the length of the carbon chain. 
This is shown in Fig. z which is based upon results discussed more fully 
in Part III. The marked dependence upon carbon chain length contrasts 
-nith what is foimd for the thermal decomposition, which is considered 
in Part II. There is, then, an effect peculi^ to the oxidation reactions. 
This at once rules out the idea that the increased chain length facilitates 
reaction by adding to the number of internal degrees of freedom in which 
energy can be stored up, though the approximate constancy of rate of 
p}Tolysis from C4 upwa^ itself raises interesting questions. 

The oxidation of hydrocarbons involves unstable intermediates in a 
rather remarkable way. The fundamental reason for this lies in the fact 
that oxygen is diatomic, while most of the oxidation products require 
the separation of the two oxygen atoms. The mode of their separation 
is evidently the key to the whole problem. An equation of the "type : 

CH, . CH, O, = CH,CHO + H ,0 
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teUs us little since the changes of molecular pattern involved are too 
complex to have occurred except in stages. The whole trend of modem 
kinetic studies has been to show that the individual steps of reaction 
mechanisms usually involve few atomic movements and that these must 
be of the simplest character. 

As is argued in detail in Part III. the only hkely initiation of oxidation 
is by a series of simple changes leading from RH, the parent hydrocarbon, 
to a i^roxide, R — 0 — 0 — (where R' may be R itself, or H) . The general 
principle of minimum disturbance of existing structures takes us so far. 
The necessity for the separation of the oxygen atoms now comes into the 
picture. A very important character of oxygen suggests an answer. 
The single bond O — O is known to be much weaker than half the double 
bond 0=0, the energy having been estimated to be as low as 35,000 cal.^ 
The possibility, at moderate temperatures, of the direct resolution 

R— O— O— R" = R— O— + R'— O— 

must -therefore be considered quite seriously. Here we have a labile mole- 
cule gi-ving rise to branching chains but at a rate restrained by -the mag- 
ni-tude of -the activation energy necessary. This is, of course, precisely 



what is required by Semenov's general theory of slow chain-branching 
processes. Such a theory is required -to explain many of the general 
features of oxidation reactions (l 4 rt III). 

The probable behaviour of the alkoxyl radicals is of interest in relation 
to the question of stability. R — O — may be -written R'CH, 0 — . The 
decomposition of this into R' and HCHO reqiiires a simple shift of 
dectrons : 

H H 

R' : C : 6 • = R' • -f- C : : O : 

ii ” H 

and it is very tempting -to believe that this is the source of the formaldehyde 
produced so readily in the earlier stages of oxidation even of long-chain 
hydrocarbons. Additional evidence on this HCHO production is described 
in Part IH. 

The pronounced efiect of carbon chain length on oxidation rate would, 

Syddn and Dya-fkina, CJuinictU Linkage and Molecular Structure (Moscow, 
P. 305- 






C. N. HINSHELWOOD Ii3 


according to the \'iews given abo\’e, depend upon variations in the 
stability of the peroxides. In this connection the first point to obser\’e 
is that comparatively small changes in stability could have a considerable 
effect on the rate. This follows from the form of the kinetic equations. 
These lead to an expression for the oxidation rate, which is of the form : 

f([Q^, [RH]) 

I - 2kF ^ ^ 


where A is the velocity constant of the key reaction involving the splitting 
of the O — O link, and F is a function of reactant concentrations and of 
\*arious velocity constants. One of the conditions that the chain re- 
action should attain a high rate is that the denominator of this e:^ression 
should become small, that is, that 2kF should not be too iax removed from 
unity. Precisely in these circumstances relatively small changes in k 
r-an produce a greatly magnified effect on the rate. 

This brings ns to the important question of the influence of the nature 
of the hydro^bon radical R on the tendency of the bond in R — O — 0 — ^R' 
to break. Some guidance on what to expect is provided by an ^rly paper 
of Burton and Ingold * who give reasons for believing that the stability 
of a neutral alkoxyl radical should be increased by electron-releasing 
groups. Hydrocarbon chains are well known to have electron-releasing 
properties which increase with the l^igth of the chain. Thus increasing 
size of the hydrocarbon molecule will cause increases in k relative to other 
terms in the rate expression, and this increase may be magnified in the 
way ejqdained. 

In tiiis way it might be possible to interpret the remarkable influence 
of hydrocarbon chain length on the oxidation. The influence of structure 
in another respect is not so simply dealt with. Oxidation is much more 
difficult with branched-chain hydrocarbons than with their straight-chain 
isomers (Part III], and once again, this contrast does not appear in the 
pyrolysis. The interpretation might depend upon some dynamical differ- 
ence between the straight and the branched chains, and it must be said 
that there is room here for many possibilities, the understanding of the 
modes of vibration of such chains being at present extremely imperfectly 
understood. If this were so, however, one might e:q>ect some reflection 
of the difference to appear in the pyrolysis sidles. Since it does not, 
one is tempted to suppose that the explanation lies rather in the magnitude 
and ease of transmission of electron-release effects to the oxygen bond 
which has to be severed. 

Here again the principles of transmission are not fully understood. 
There is the well-known controversy about the nature of the influence 
exerted by tertiary alkyl groups; and the need for greater electron- 
release than is normally account^ for finds expression in the idea of 
hyperconjugation.* According to this idea CH, is written H^C — and 
the fonnsd triple bond regarded as capable of participating in conjuga- 
tion phenomena. If a straight chain is written H^ — it may 

be supposed capable of transmittiag charge movements of the types 


H 


H,+ H,- 



and some kind of coupled system of such changes might contribute to 
a momentary intense accumulation of negative charge on a teiminal oxygen. 
When a normal chain is interrupted by branching there could be, con- 
ceivably, an impairment eff the couple vibrations and a diminished 


* Proc. Leeds Phil. Soc., igzg, i, 421. 

* Hnlliken, Rieke and Brown, J. Am»r. Ghent, Soc., 1941, 63, 41. 
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transmission, but too little seems to be known about such phenomena 
to reach a conclusion at the present moment. More experimental work 
seems to be needed. 


R6sum6. 

On discute le r61e des molecules labiles dans les r^actioiis des hydrocarbures, 
particuli^ement en ce qui conceme I'accroissement rapide de la vitesse d’oxyda- 
tion de ces composes en fonction de la longueur de la chaine de cartene, en 
opposition avec la faible variation de la vit^e de pyrolyse avec le di m e n sion 
et la complexity de la moldcule apris C 4 . 

Zusammenfassiing . 

Die BoUe, die labile Molektkle in den Beaktionen von Kohlenwasserstofien 
spielen, wild mit besonderem Hinweis auf den Kontrast zwiscbem dem laschen 
Ansteigen der Oxydationsgeschwindigkeiten. dieser Verbindungen mit anwach- 
sender Lftnge der KohlenstofEkette einerseits und der geringen Beeinflussung 
der Geschwindigkeit des thermalen Ze rfalla durch GrOsse und Komplexit&t des 
Molek^ nach andereiseits b^rochen. 


PART II. THE RATES OF THERMAL DECOM- 
POSITION OF SATURATED HYDROCARBONS. 

By R. G. Partington. 

Received 17th June, 1947. 

Many substances with complmr molecules decompose at al^lute 
rates which are great enough, even when chain reactions are inhibited, 
to suggest that the numerous internal degrees of freedom in a complex 
molecule can constitute or are convertible into activation energy. In 
this case the expression for the maximum possible rate becomes 
. constant . e-^l^{EIRT)i*~^ 

“ (i« - i) I 

where n is the munber of square terms associated with the internal degrees 
of freedom, k the rate constant and E the energy of activation. 

The values for the energy of activation for ihe thermal decomposition 
of both ethane and 9>-hexane in the presence of nitric oxide (when reaction 
chains are inhibited} are approximately equal, 

ethane . . . 74,500 cal.^ 

n-hexane . . 74,000 cal.® 

and are slightly less than the approximate ^’alue for the bond strength, 
namely 80,000 cal. /mol. Assuming that the value for the energy of activa- 
tion for the chain-inhibited decomposition of all saturated hyidrocarbons 
is approximately 74,000 cal. /mol., the question arises whether their rates 
of decomposition might depend on the number of internal degrees of 
freedom, which will increase steadily with the length of the hydrocarbon 
r-Tifl-in and the complexity of the molecule.® Experiment has shown that 
this is not so. 

have been made of the rates of decomposition of ethane, 
propane, butane, «-pentane, n-hexane, «-octane, 2-methyl-pentane, 3-mothyl- 
pentane, 2 : 3-di3iaei±Lyl pentane and 2:2: 4-trimethy I pentane under identical 
conditions, and it was found that after propane, the rate of decomposition 
was almost independent of the size or shape of the molecule. 

^ Staveley, Ryac. Roy, Soc., A, i937» 557. 

* Partington (unpublished result). 

* Cf. discussion of Burk, /. Rkysie. Chem., 193 1, 33, 2446. 



HTdiocarbon. 

AiX 10^ 

(wltnont NO). 

AfX 10* 

(with jnim.N 0 ]. 

Ethane . 

4-0 

0-07 

Propane 

18 

2*4 

n-Butane 

45 

18 

M-Pentane 

100 

24 

fi-Hexane 

100 

25 

«-Octane 

100 

35 

2-Me-peniane 

Go 

30 

2:3-di-Me-pentanB . 

160 

120 

2 : 2 :4-tri-Me-pentane 

170 

100 
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Experimental and Results. 

The hydrocarbons were decomposed in a silica bnlb heated, in an electric 
furnace. The temperature of the reaction vessel was measured with a Pt/Pt-Rh 
thermocouple and was controlled by the appropriate adjustment of the B.M.?. 
applied to the furnace windings. The decompositions were caxrisd out at con- 
stant volume : the pressure in the reaction vessel was measured with a mercury 
manometer. The gaseous hydrocarbons were stored in a glass bulb, and in order 
to introduce those that were 

liquid at room temperature, TABLE, 

the small bulb in which they t 

were stored was heated by « (mm.-^) for thermal decomposition at 530“ c. 

immersion in a beaker of hot — 

Avater. The nitrometer in fc x to* ft, x to* 

Tvhich the nitric oxide was yorocar (vdtnoutNO). (with jnim.NO]. 

prepared (by the action of —■ ■■ . — 

mercury on concentrated 

nitric acid in the presence of Ethane . . . 4*0 0-07 

excess concentrated sul- Erop^e . . 18 2*4 

phuiic acid) was sealed into w-Butme . . 45 18 

the apparatus. With the ^-Pentane . . 100 24 

exception of the reaction ♦i-Hexane . . 100 25 

vessel, the apparatus was «-Octane . . 100 35 

made of soda-glass and could 2-Me-^ntane . Go 30 

be evsiciuLted by means of a 2 . 3 “di-Me-peiitajiB . i6o 120 

mercury difiusion pump 2:2:4-tri-Me-pentane 170 100 

backed by a rotary oil pump. 

The initial rate of decomposi- 
tion was measured by t^ rate of increase of pressure with time at zero increase of 
pressure, readings being taken of the manometer level at convenient intervals 
of time. These Avere plotted, and the exact initial pressures and rates were 
obtained from the graph by extrapolation and tangent estimation respectively. 
The lead-in tubes and the manometer were wound with thin Nichrome Avire and 
heated electrically to prevent condensation. For each hydrocarbon, r, the initial 
rate was measured for a series of difierent initial pressures (/>,) ^m 50 to 

150 mm. Th^ values were 
I " I II plotted and h was taken as 

(drg/d^o)pg „ iQQ mm- All the 
-<* — measurements Avere made at 

j ' 530® c. The results are given 

/ in the Table. 

/ The results are represented 


r.y: 


Discussion. 

According to the ex- 
pression (I), d In A/dT 
E-{^- i)RT 


jRr* 

Thus the value for ob- 
A, I ^ I * tained from the gradient of 

of caring ato^. the (In k) - i/T plot must 

1 I 1 s I I I I be corrected, the true A^ue 

FtG. I. 

- x)i?T. 

The expression for the maximum po^ble rate thus becomes 

e + <*" - VBTxibx f + (s” — 

-4. ■ -Rr J -4. ^ 

const. rj- = const. f(»). 



j -{^A + <*" - ^yBTyiRT 


}IRT 

(iH» - 1) J 


jEa is taken as 74,000 cal., JR = i-gS and T = 803“ k. Values of f(«) 
are plotted against n in Fig. a. 
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The value of n for the molecules studied is not known, but it does 
not seem probable that there is any connection betu'een the course of 
the curves in Fig. i and 2. With v^y large values of n the curves 
in Fig. 2 must flatten, but the values where this would occur seem to be 
in any case improbably large. What seems possible is that in the large 
molecules there is very incomplete sharing of energy between bonds, so 
that these molecules bdiave as if they consisted of a limited number of 
virtually rigid parts between which ^e interchange of energy does not 

count for tiie purposes 
of chemical reason. 
But in any case, maxi- 
mum possible rate and 
actual rate need not be 
directly related. A 
fuller explanation ma}’’ 
be possible when the 
work in progress on the 
analysis of the initial 
decomposition products 
has l^n completed. 
In the meantime the 
principal object of this 
paper is to emphasise the insensitiveness of decomposition rate to chain 
length, in sharp contrast with what is found for the oxidation rates of 
hydrocarbons. 

This work is part of the programme of the Fuel Research Board and 
is published with the approvd of the Director of Fuel Research. 

Summary. 

The rates of thermal decomposition of ethane, propane, »-butane, n-i^tane, 
»-hexane, noctane, 2-methyl-pentane, 2;3-dimrayl pentane, 2 : 2 : 4-trimelhyl 
pentane ^ve been measured at 530° c. in the presence of sufficient nitric oxide 
to inhibit the chain reactions, "^e values show that after the rate is little 
dependent on the size or complexity of the molecule. Accordmg to the theory 
that the energy of vibrational degre^ of freedom can contribute to the activation 
energy, the rate might increase rapidly with size and complexity of the molecule 
but such an efiect is not in evidence. 



Rdsum6. 

La Vitesse de decomposition par la chaleui a 6t6 mesnr^e pour les corps 
suivants: 4 thaue, propane, n-butane, n-^ntane, N-hexane, »-octane, mdthyl- 
2-pentane, dim^tiiyl 2 : 3 pentane et t^dthyl-2-2-3 pentane, 530° c. en 

? r£sence de NO en quantity suffisante pour inhib^ les ructions en chalne. Aprds 
4, la Vitesse ne depend que fsdblement de la dimension et de la complexite de 
la moldcnle. 


Zusammenfossung. 

Die Geschwindigkeiten des thermaJen ZerffiUs von Athan, Propan, u-Butan, 
«t-Pentan, «-Hexan, n-Oktan, 2-Methylpentan, 2, 3-Dimethylpentan und 2, 2, 4, 
Trimethylpentan aind bei 530° c. in Gegenwari: von gen1^;end NO um Kettm- 
reaktionen zn uuteidrUcken gemessen women. Nach C4 wird die Geschwindigkeit 
XLUT wenig von der GrOsse und Komplexita.t der Molekfde beelnfltlsst. 



PART III. LOW-TEMPERATURE OXIDATION 
OF HIGHER PARAFFINS IN RELATION 
TO STRUCTURE. 

By C. F. Cullis and C. N. Hinshelwood. 

Received lyth June, 1947. 

The experimental evidence on the subject of hydrocarbon oxidation 
is complex and the theoretical discussion confusing. The reason lies 
largely in the fact that different h3rdrocarbons have been studied by different 
-workers under conditions not ea^y comparable. The aim of the present 
%vork is to make some comparative observations on a series of paraffins, 
and to attempt to account for the salient general facts by a theory rendered 
as manageable as possible by suitable approximations. This theory is 
essentially a form of Semenov's slow chain-branching -theory.i 

Certain workers have supposed thermal decomposition to precede 
oxidation.* The hydroxylation theory* on the other hand in-volves the 
disruption of an oxygen molecule. C^endar * assumed a binary reaction 
of hydrocarbon and oxygen to give a peroxide, and others have postulated 
an initial complex whi(^ is stabilised by isomerisation to a peroxide of 
the normal type.® Peroxides are detectable in combustion and, when 
added -to paraffin-oxygen mixtures, act as catal3rsts for the oxidation. 
Egerton suggested that the peroxides initiate the chain reaction which 
is generally accepted to occur.* 

A comprehensive theory must take into account the fact that the dow 
oxidation can apparently occur by two mechanisms. This was suggested 
by the negative temperature coefficient of the oxidation rate observed in 
a certain temperature range, usually around 350® c.’« • It is probably 
due to the instability of intermediate producte in the low temperature 
mode of oxidation.* Since the rate increases again from about 450° there is 
pro1xi,bly another mechanism which operates only to a small extent in 
the range where the low temperature mode prevails. The existence of 
two mrohanisms may explain why the oxidation of methane or ethane 
differs rather markeffiy from that of the higher paraffins,*®* ** No per- 
oxidic substances are found in the oxidation of methane,** and those 
detected during the oxidation of ethane are probably only aldehyde 
peroxides.** No region of negative temperature coefficient is found with 

* Semenov, Chemical Kinetics and Chain Reactions (Oxford, 1935). 

* Lewis, J. Chetn. Soc., 1927, 1355 ; 1929, 759 ; 1930, 58. Berl, Heise and 
Winnacker, Z. physik. Chem. A, 1928, 139, 453. Rice, liii, Eng. Chem., 1934, 
26, 259. 

*Bone, Proc. Roy. Soc. A, 1932, 137, 243. 

* Callendar, Aer. Res, Comm. Mem., 1926, 1062. 

® GrOn, Ber., 1920, 53, 9S7 ; Brunner and Rideal, J, Chem. Soc., 192S, 1162. 

* Egerton, Nature, 1928, lai, xo. 

* Pease, J. Amer. Chem. Soc., X929, 51, 1839. 

* Townend, Chetn, Rev., 1937, 21, 259. 

* Lewis and -von Elbe, 1938, Combustion, Flame and Explosions of Gases 
(Cambridge). 

** Prettre, Bull. Soc. Chim., 1932, 51, 1132 ; Acta Physicochim., 193S, 9, 581. 

** Bone and Hill, Proc. Roy. Soc., A, 1930, 139, 434 ; Bone and AUum, tbtd., 
1932, 134, 578 ; Pidgeon and Egerton. /. C^n. Soc., 1932, 661 ; Nonish and 
Fooid, Proc. Roy. Soc., A, 1936, 157, 503 ; Harris and Egerton. Chem. Rev., 
1937. 2S7 ; Nonish and Wallace, Proc. Roy. Soc. A, 1934. I 45 > 307 : Kane, 

ibid., 1939, 17* > 251. 

*“ Prettre, Ada Phy^cochim., 1938, 9 , 581 ; Norris, Proc. Roy. Soc. A, 1935, 

150. 36. 

** Bone and Hill, loc. cit. 

ri7 
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the two simplest parafihns.^* In. the present work attention has been 
confined to the low temperature mode of oxidation of the paraffins from 
pentane upw'ards. 

More detailed theories of hydrocarbon combustion applicable to the 
higher paraffins are those of IJbbelohde and of Lewis and von Elbe.* 
A difficulty in most of the theories is the unhkebhood of some of the 
mdividual reaction steps postulated. Chemical reactions are now real- 
ised to occur in stages, each of which is usually accompanied by a minimum 
of disturbance of existing atomic configurations. The reaction 

R . CH, -f O, = RCH, . OOH 

is sometimes written for the initiating process, but a more satisfactory 
assumption is that the formation of peroxide occurs in steps : 

RCHg + O, = RCH,- -1- HO. ; RCH,- - 1 - 0 , = RCH, . 00 — ; 

RCH ,00 h RCH, = RCH,OOH -|- RCH,- 

each of which involves the formation or disruption of only one bond. 
Another reaction which appears improbable is that sometimes written 
for the breakdown of peroxidic radicals : 

H H 
R . 

J 3 a 

This involves simultaneously the transference of a hydrogen atom from 
the p- to the a-carbon atom and the attachment of one of the oxygen 
atoms to the ^-carbon atom. 

The reaction RCH, . C^ + O, = R . C^ + H ,0 + CO also seems 

somewhat unlikely, depending upon the simultaneous abstraction of two 
hydrogen atoms by an oxygen atom and the attachment of the other 
oxygen atom to t^ carbon, together with the breaking of the linkage 
in the oxygen molecule and the splitting of the C — C bond to give CO. 
In the present discussion the principle has been followed that only reactions 
of the simplest type are admissible. 

Even comparatively simple mechanisms for chain reactions can lead 
to highly complex rate expressions with many arbitrary constants. The 
oxidation of the higher parens is evidently of great complexity. What is 
therefore of importance is to formulate a simplified mechanism which 
shall do justice in a general way to the widest range of characteristic 
facts, even if numerical agreements are not more than semi-quantitative. 
Some of the broad facts are extremely striking and act as good pointers 
to the general form of theory to be constructed. 

Among the striking features of the reactions are the following : (i) 
the remarkable influence of molecular structure of the hydrocarbon ; 
(3) the existence of the induction period and the slow rise of ^e rate to a 
Tna-giTmiTn ; (3) the great efiect of hydrocarbon pressure on the rate, and, 
in contrast, ihe fact that increase of oxygen pressure over wide ranges 
does not increase the rate, the influence of oxygen as a reactant being 
evidently counteracted by some actual retarding action ; (4) the sensi- 
tivity of the reaction rate to the condition of the sur&ce ; (5) the formation 
of numerous intermediate products, including aldehydes, peroxides and 
adds, the concentrations of the former running pai^d with the 
oxidation rate; and ( 6 ) the specific effect of various inhibitors and 
accelerators, su^ as aldeh3rdes. 

^Townend and Cfiamberlain, Proc. Roy. Soe. A, 1936, 154, 95. 

“ Ubbelolide, ibid., 1933, 15a, 354. 
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Experimental. 

The apparatus resembled that used in previous work in this laboratory. 
The reaction vessel was of silica (9 cm. long, 6-9 cm. diam.). The course of the 
reaction was followed by pressure-time records and by periodic analyses for 
specific intermediate products. 

Peroxides wore e^mated iodometrically. Acyl and alkyl peroxides could 
be distinguished by the fact that only the former liberate iodine from neutral 
solutions of KI.^* Addition of ferrous and molybdate ions as catalysts vras 
used to help the decomposition of dialk5'l and alkyl hydrogen peroxides.” 

The toi^ aldehyde concentration was detemuned by Ripper’s bisulphite 
method.^* The colorimetric method described by Ubbelohde, Drinkwater and 
Egerton was not used since the colour was fou^ to depend on the nature of 
the aldehyde, but the method given by the same authors for formaldehyde was 
adopted. It depends upon the fact that only formaldehyde restores '^e colour 
to a strongly acidified Schiff’s reagent. Carboxylic acids were determined by 
titration -with alkali with phenolphthalein as indicator. 


Effect of Structure on Ease of Oxidation of Paraffins. 

I a) Straight-Chain Farafbins. — The criterion of ease of oxidation was tha 
mavirmim rate of reaction, attained after the end of the induction period, and 

TABLE I. — ^Znfluencb or Carbon Chain Length on Oxidation Rate. 


Fiessuie of oxygen 250 mm. throughout. 


Temp. 

Cc.). 

HydiDcarbcn. 

nun. 

Max. Rats 
(nini./mln.). 

Ratio. 

Rata Relative 
to Pantana 
(Approx.). 

Number of 
Carbon 
Atoms. 


pentane, 30 

O'Ofig 


I 

5 

202 

hexane, 30 

0-500 

7-5 

7*5 

6 


hexane, 30 

0-059 j 




183 

octane, 30 

1*57 

26-6 

200 

8 


octane. 8 

0-123 




186 

decane, 8 

0-85 

6-9 

1380 

10 


measured by the pressure-time records. The compoimds investigated w'ere 
n-pentane, yi-hexane, yi-octane and n-decane. The large differences between 
consecutive members of the series made it necessary to compare the compounds 
in pairs at different temperatures, since under conditions where one parafiSn 
oxidised explosively, another failed to react at a measurable speed. This 
necessity introduces some uncertainty into the quantitative significance of the 
results, but the general trend is too marhed to allow of any doubt about the 
order of magnitude of the effect. As &r as possible the comparisons are made 
with equal pressures, though with n-decane and octane the measurements had 
to be made at somewhat lower pressures. The experimental results axe sho^vn 
in Table I. 

(6) Branchbd-Crain Parafpins. — ^In general branched-chain paraffins 
nviilisft less rapidly corresponding straight-chain hydrocarbons. Once 

Clover and Houghton, Amer. Cham. J., 1904, 33, 43 ; Newitt and Baxt, 
J. Ghent. Soc.. 1939, 1711. 

” Ubbdohde and Egerton, Phil. Trans. Roy. Soc. A, 1935* *34* 487. 

Mpper, Sitxungsl^. Akad. Wise. Wien, 1900, 109 (Ilh), 844. 

*■ Ubbelohde, Dnnkwater and Egerton, Proc. Roy. Soc. A, 1935, *53* 103. 

Pope, Dykstra and Edgar, J. Amer. Chem. Soc., 1929, 51, 2203. 
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again the comparisons had to be made, in bracketted pairs, at different tempera- 
tures, because of the enormous differences in reactivily- results for various 
isomeric hesmnes are given in Table II. The important fact which emerges 
from these measurements is that -^e ease of oxidation depends upon the length 
of the unbranched carbon chain in the molecule. This result is parallel with 
what is found in regard to the “ knock " tendency of certain paraffinic fuels.*^ 
The imjjo^bihty of carrying out all the measurements under strictly compar- 
able conditions lessens tlm quantitative significance of the results in Table II, 
but there is little doubt about the order of magmtude and the general nature of 
the effect. 

TABLE II. — ^Iotltjbnck op STRtJCxxnuE on Oxidation Rate op Isoubric 

Hbxanbs. 


Pressure of hydrocarbon 50 mm ; pressure of ox}rgen 200 mm. 


Temp. 

Cc.). 

Hydrocarbon. 

Max. Rate 
(mm./nim.). 

1 

, Ratio. 

Approx. 
Ratio 
Relative to 
3:3-Duneth>*l 
butene. 

Stnicture. 


2 : 3-dimethyl 
butane 

0*550 1 


1 

c c 

C— (j — i — c 

264 

2 : 2-dimethyl 
butane 

6*03 

r2 

12 

c 

c— c— c— c 

i 

250 

2 : a-dimethyl 
butane 

3-methyl 

pentaiie 

o*6a 

3-10 

5 

60 

c 

i 

227 

3-methyl 

pentane 

2-methyl 

pentane 

0*243 

2*25 

9-3 

5G0 

c 

c_L(>_o-c 

202 

2-meth5’’I 

pentane 

n-hexane 

0-455 

1*25 

2-8 

1 

I5S0 

c-o-c-c-c^ 


In respect of the structural influence the contrast between oxidation and 
pyrolysis is remarkable. To understand it further the various st^s in the 
kLoetics need more detailed scrutiny. 

The Induction P^od. 

The criterion used in this work as a measure of the induction period has 
been the time dapsmg between the admission of the oxygen to the hydro- 
cubon in the reaction vessel and the occurrence of a given very small 
pressure change (normally a mm.). After this point the reaction accelerates 
rapidly to its maximnm rate. Some preliminary experiments were made with 

See LoveU and Campbell, Chem. Rev., 1938, aa, 150. 
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a sample of " spectroscopically pure ” hexane (that is free from aromatic hydro- 
carbons but not otherwise specially pure). The oxidation proceeded at a con- 
venient rate at 227“ and the induction period was of the order of 5 min. It was 
strongly dependent on the concentration both of oxygen and of hydrocarbon, 
alightiy shortened by added mtrogen and independent of pre-heating of the 
hydrocarbon. Chemical analj’sis for possible intermediates mdicated that no 
appreciable quantities of 
these subst^ces were 
formed during the induc- 
tion period, their forma- 
tion only becoming 
apparent after the pres- 
sure had begun to rise. 

Experiments were then 
made under comparable 
conditions with very pure 
hexane, which oxidised at 
a very much greater rate. 

At 202“ and 250 mm., for 
example, the induction 
periods for i : 4-hydro- 
carbon-oxygen mixtiirea 
were 3*5 min, and 30 min. 
for the pure compound 
and the ‘ 'spectroscopically 
pure " sutetance respect- 
ively. Once again tlm in- 
duction period decreased (<*) 

with increasing pressure 
either of hex^e or of 
oxygen. An important 
distinction between the 
pure and impure hydro- 
carbons was found in the 
fact that in the oxidation 
of the former detectable 
amounts of peroxides, 
aldehydes and adds began 
to accumulate from the 
beginnmg. Pre-heating 
of the hydrocarbon again 
had no effect. Siimdar 
results were found witii 
fi-pentane. Withn-octane 
a definite pressure de- 
crease occurs on the first 
admission of the gases to 
the reaction vessel ; after 
4 to 5 min. this is followed {b) 

normal pressure variation of the induction period with 

There seem, then, to ^ pressure of the reacting gases, 

bo two kinds of induction (®)- — >* -hex a n e. 202“ c. 

period : (a) a period of Open circles : hexane va^d, oxygen == 100 mm. 

complete quiescence due Full circles : oxygen varied, hexane => 50 mm. 

to impurities and (6) a (6). — w-pentane. 227“ c. 

simple autocatalytic de- Open circles : pentane varied, oxygen 100 mm. 
velopment of the reaction Full cirdes : oxygen varied, pentane 50 Tu-m. 

to maxim , um intensity. Half-filled circles : oxygen 200 mm., pentane 

The reciprocal of the time 30 mm., nitrogen varied, 

in (6) is approximately 

linearly proportional to oxygen and hydrocarbon pressure (Fig. la and 16). 

Influence of Hydrocarbon Concentration. — ^The mfl-vimuTTi rate of 
reaction increases rather rapidly with increase of pentane or hexane con- 
centration, the apparent cider of reaction being between one and two 
(Fig. 2). The range of pressure over which measurements can be made is, 
however, restricted by the \’apour pressure of the hydrocarbons. 
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Influence of Oxygen Concentration. — Over a -wide range of oxygen 
pressures the rate of reaction is nearly independent of the oxygen pressure. 
Comparative results for pentane and hexane are shown in Fig. a. The 
contrast in influence between ox]^en and hydrocarbon is extremely 
signiflcant. 

Influence of an Added Inert Gas. — Addition of nitrogen to a pentane- 
oxygen mixture of fixed composition was found to have relatively little 

eflect on the maximum 



(&) 

Fig. 3. — ^The variation of the ma-xiTtinm oxidation 


rate of reaction, though, 
as already stated, ^e 
induction period was 
shortened (Table III). 

Influence of 
Surface. — When a 
vessel filled with silica 
tubes ivas substituted 
for the unpacked vessel 
described earlier, the 
induction period was 
lengthened and the rate 
of oxidation was even 
more markedly reduced. 
The results became 
erratic so that an 
accurate quantitative 
comparison could not 
be made. The matter 
is to be investigated 
further. 

Analytical Results. 

Some typical measure- 
ments are shown in Fig. 3. 
There is adose parallelism 
between the rate of re- 
action and the concentra- 
tion of peroxide at any 
AlWl peroxides 
and aldehyde peroxides 
contribnte to the total 
peroxide concentration to 
a comparable extent. 
The aldeh3rde conoentra- 


rate with the pressure of the reacting gases. tion passes through a 
(a). — n hexane. 202° c. maximum in much the 

Open drdes : hexane varied, oxygen 100 mm. ^ peroadde 

Full circles : oxygen varied, pentane 50 mm. though appreciable 

.. . - amoimts remam at the 

. j apparent end of the re- 

O^n j^es : pentane v^ed, o^en 100 mm. Th^ amds, how- 

FuU circles: oxygen varied, pentane 50 mm. increase con- 

tinuously. 

H igh e r aldehydes and formaldehyde appear in approximately equivalent 
amounts. The ratio, total aldeh3rde/HCHO, was investigated in some detail 
(Fig. 4), for various hexaue>oxygen mixtures. Initially the ratio always tends 
to a value of about 2, one molecde of HCHO being formed for each molecule of 
higher aldehyde. The early appearance of the formaldehyde, wen at high hydro- 
carhon-oitygon ratios, sngge^ IMt it is not produced by co^lete degradation 
of a C« chain, but is split off from some labile xviermedMis, The obvious source 
is a rascal HCHaO — . 


“ CL the cases quoted by Medvedev, Acta Physicochim., 1938, 9, 393. 
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Inhibitors and Accelerators. 


(a) Higher Aldehydes. — ^Addition of small amounts of CHjCHO to pure 
hexane-oxygen mixtures revealed no catalytic effect. The aldehyde %vas found 
to oxidise more or less independently of the hydrocarbon. S imilar results 
•B'Cie found Tvith propionic 
aldehyde, and with pen- 
tane in place of hexane. 

For this reason the alde- 
hydes have not been 
assigned any key role in 
the oxidation of the hydro- 
carbon. 

With the impure 
*' spectroscopic ” hexane, 
acetaldehyde eliminated 
the induction period and 
caused inflammation at 
temperatures where the 
rate would normally have 
been quite slow. 

(5) Formaldehyde. — 

Moderate amounts of 
HCHO exert a powerful 
inhibitory effect and in- 
crease the length of the 
induction period very Fig- 3. — ^Analysis of products from oxidation of 
markedly. This is ob- «-hexane at 202“ c. Hexane 50 mm., oxygen 
served with pentane and 200 mm. 



^vith the pure and the im- 
pure hexane. Some typical results are shown in Table IV. Attempts were made to 
determine by analysis the fate of the HCHO. With the " spectroscopic " hexane 

it is destroyed at a steady 
I I ” ■ "j"— " rate and is practically con- 

snmed by the end of the 
TnM induction period. With 

^o/to ^ n-hexane the 

j.g nCnU concentration of HCHO 

I I remains constant during 

the induction period, the 



black circles 4/1, horizontally divided circles ijfi, ji-hexana. 
trai^erse crosses 1/4, open drdies 1/8, vertically (<i) Isomeric Parae- 
divided circles 1/12. PINS. — The "spectroscop- 

ically pure *’ hexane e\'i- 

dentiy contains a powerful inhibitor whidi must be destroyed before oxidation can 
proceed. Its nature has not so far been discovered. Spectroscopic examination 
(for which we are indebted to Dr. Whiffen and Mr. Partington) showed the 
presence of a-methyl and 3-methyl pentane and of an nnidentiff^ compound. 
Tests with the two isomers showed them not to be responsible for the inhibition. 
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In general it was found that a branched-ch ain painffin does not inhibit the 
oxidation of the straight-chain isomer except when the two substances arc present 
in comparable quantities. The reverse, however, is not true. For example, 
small amounts of »-hexane markedly accelerate the oxidation of 3-methyl 
pentane, as shown by the results m Fig. 5. 


TABLE III. — ^Variation of Maxi- 
mum Rats with Prbssurb of 
ADDED NttROGEH. 


Temperature 227° c. n-Pentane, 
50 mm. ] oxygen 200 mm. 


PicBsun at N|. 

Uaximum Rate 
(mm./nun.). 

0 

0-85 

100 

o-8i 

200 

0-70 

220 

0*84 

275 

O-QS 

300 

0-74 


TABLE IV. — Influence of Form- 
aldehyde ON THE Induction 
Period of " Spectroscopically 
Pure " Hexane 


Hexane 50 mm. ; oxygen 200 mm. 
Temperature 225“ c. 


HCHO (mm.). 

Induction Penod 

1 (nun.). 

1 

0 

iS. 20. 12 

0-25 

17 

0-4 

15 

1-5 

40, 60 

3.0 

120 

5-0 

> 180 

6*0 

> 180 


Discussion. 


Two of the most characteristic ^ts about the oxidation reaction 
are, on the one hand, the “ alow chain-branching ” phenomenon, and, on 

the other, the remark- 
able influence of struc- 
ture. It is natural to 
attempt to relate them. 
The essential hypothesis 
of the discussion will be 
that the chain branch- 
ing is associated with 
the decomposition of 
peroxides, and that the 
stability of these labile 
molecules varies con- 
siderably with the 
nature of the hydro- 
carbon. The peroxides 
give alkoxyl radicals 
from which the for- 
maldehyde readily sphts 

Fig. 5. — Influence of hexane on oxidation of . ..... 

3-ineth.yl pentane at 251” c. 3-methyl pentane The initiation is 
50 mm., oxygen 200 mm., hexane (a) 0, (6) assumed to depend 
2*5 mm., (c) 5-0 mm. upon 



ox RH 4 - O, = R -f HO„ 

the rate being 

The radic^ react as follows : 


(ifl) 

(i6> 


RH-0,= 

H- RH » R— O— O— R . 

4- RH =s relativdy inactive products. 

radicals react with more RH to give peroxides of which one 
is aammed to be of predominant importance, or at any rate representative 


3) 

(4) 
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of all the active species and written simply ROOR.* The alternative 
reactions giving much less active bodies are schematised by { 4 ). 

The active bodies suffer two kinds of fate, a branching reaction : 

R“~0— O— R = 2 R — O— . . . ( 5 ) 

and a non-chain degradation : 

R — O — O — ^R = inactive products. . • ( 6 ) 

B. — O — may be written R^CH,0 — which will suffer the degradation : 

R'CH,0— = R' -f CHA . . ( 7 ) 

If ( 7 ) is assumed to follow directly on ( 5 ), the two are equivalent to 

R = 2R' -I- 2 CHA- 

R' may then react with RH regenerating R : 

R' -I- RH = R + RTI . . . ( 8 ) 

or with oxygen, entering a cyde of changes whereby a new radical R" 
of still lower carbon content is ultimately formed 

R' -f Oj = less active products. . . • (9) 

To simplify the scheme, which with the higher hydrocarbons would other- 
wise present formidable complications, we make use of the key experi- 
mentd ffict that the rate of oxidation does actually decrease very markedly 
with diminishing number of carbon atoms. From this we infer that the 
regeneration reaction ( 8 ) will maintain the rate, while the degradation 
reaction (g) leads to forms of peroxide which are much less ready to 
TTiftintain the branching reactions of type ( 5 ). As an approximation, 
therefore, (g) may be taken as a chain-breaki^ reaction. The inhibitory 
action of HCHO can be attributed to a reaction with R, but will not be 
taken into account in the following treatment (which will deal with the 
reaction in the absence of considerable amounts of products). 

From the above equations we have : 

d[R]/df = ^ - A,[R]COa] -f AaER^jllH] = o 
d[R^/df = zh^y - AgmCRH] - ft,[R'][OJ = o 

where y represents [ROOR]. 

d[R— O— O— ]/d/ = *,[R][OJ - (ft, + ft,)[R— O— O— ][RH] = o 
dy/df = ft,[R— O— O— ][RH] - (ft, 4 - ft,)y 


which must not be equated to zero since the active peroxide accumulates 
slowly. 

Solving for y we obtain 


*./(*. + - e-^) 


(*5 + *.) - 


aft. 


ft,ft,[RH] 


H- * 4 ) ' (*»[RH] + A,[OJ) 
where is an abbreviation for the denominator of this eiqiression. 


- d[OJ/df = ft,[R][OJ -f ft,(R0[OJ = aft, .y 


(fta + k) G 


e~-^ 


\ / ^4 \ fta[RR] 

Vft. + ft4/ (AsCRHj + ft,ro j) 


* The formation of ROOH rather than ROOR would involve the reactions : 
R— 0-0— 4-RH=R00H-|-R 
R-_0— O— H=RO— |-OH=R'-i-HCHO-l-OH 
0H-|-RH»=R-{-H,0, 

a scheme which, Idnetically, will not differ much from the sum of reactions 3 . 5 
and 8 . Chain branching is again governed by the breakdown of the peroxide 
molecnles. 
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This rate rises to a maxunum before any serious consumption of reactants 
occurs, so that vre may wite : 

constant (f> , ^ 

PmM . x . C.CRH] ■ ■ * 

^ “ [OJ -f C,[RH] 

where [OJ and [RH] are the initial concentrations, and C, and Cj are 
constants. 

We may now consider briefly how far this expression does justice to 
the characteristic facts. 

(i) Molecular Structure. — Our hypothesis is that the effect of 
carbon chain length on oxidation in contrast with its small effect on 
pyrolysw is coimected with the stabihty of the labile peroxide. A slight 
change in the structure of the hydrocarbon will affect the terms 
and *5/(^5 + Ag). From the form of (1) it appears that small changes 

in these may have a 
greatly magnified effect 
on the rate. 

(2) Induction 
Period. — ^The reaction 
rate at time t is given 
by p = ftn«. (i - e--^. 
When At is small this 
may be written approxi- 
mately p = At. 
The induction period 
is a matter of some- 
what arbitrary defini- 
tion. li 9 is the time 
required for the reaction 
rate to increase to a 
standard value p, then 

1/0 = Pai»x.-^/p- 

Fig. 6. — Comparison of experimental and theoretical But pm*x. = oon- 
curves for pentane oxidation. stant . ^fA, so that i/ff 

A. Pentane varied (obs.) : A' (calc.). should to proportional 

B. Oxygen varied (obs.) : B' (calc.). to Now our experi- 

Temperatnre 227® c. mftntal criterion of the 

end of the induction 

period is practically iadistinguishable from that just defined, since the speed 
changes rapidly once perceptible reaction sets in. Since i/fl is not fax from 
directly proportional to [OJ and to [RH], we shall take ^ to be of the 
form Ci[OJ[RH]. For this reason (i&) is preferred to (la) as the initiation 
reaction. 

(3) Maximum Rate of Reaction. — Substituting the value just 
adopted for ^ in (i) we obtain 



Q[RH][OJ 

C«[RH] 

[O J + C,[RH] 


. (2) 


Fig. 6 shows that this expression predicts results of the sama general 
form as those found. The calculate values are taken from (2) with 
Cl = i‘5 X io“* ; C, = 20*0 ; C, = 20*5. 

The form of (2), as it stands, predicts a branching-chain explosion at 
certain composition limits. This explosion, however, will be controlled by 
the quenchi^ action of the fmnnaldjeh]^ produced in the reaction. The 
connection, between the limit givmi by (2) and the “ cool-fla^ ” phe- 
nomenon is still under investigation and will not be discussed here. 
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(4) Analytical Results. — ^The reaction scheme outlined is itself 
bas^ partly upon the observation of the formation of peroxides and of 
formaldehyde in the early stages of the oxidation. Higher aldehydes can 
be formed from certain tj^jes of peroxide : e.g. 




R. 


O— O— CHaRa 


would give RiCHO -1- Rj + CHjO '+ R,. 


This is not unlikely, since free radicals probably attack hydrocarbon 
molecules more readily at secondary than at primaiy carbon atoms.®* 
The equation written down shows how formaldehyde and higher alde- 
hydes could, in appropriate circumstances, be formed in more or less 
equivalent amounts. The higher aldehydes, judging from their effect 
as additions, play no important part except t^t they are rapidly oxidised 
to ..Ards whici accumulate steadily. 

(5) Inhibitors and Accelerators. — ^The inhibition by HCHO can 
be ascribed to the reaction R -{- HCHO = RH HCO. This would 
account for the gradual destruction of the formaldehyde during the in- 
duction period which it causes. The powerful accelerating influence of 
acetaldehyde on the oxidation of the *' spectroscopic " hexane is to be 
attributed to its ability to destroy the other inhibitors which must be 
present in the impure hydrocarbon. With pure pentane and hexane the 
aldehyde is found to oxidise more or less independently as already ex- 
plained. Alcohols do not affect the oxidation. Fre^ measurements 
have confirmed the result that higher alcohols are considerably less 
easily oxidised than the correspond!^ paraffins. The accelerati^ in- 
fluence of a normal paraffin on the oxidation of its isomers is probably 
attributable to the greater ease of breakdown of the peroxidic substances 
formed. 

We are indebted to Imperial Chemical Industries and to the Anglo- 
Iranian Oil Company for gffts of pure specimens of hydrocarbons. 

This work is part of the programme of the Fuel Research Board, and 
is published with the approval of the Director of Fud. Research. 


Summary. 

The rate of oxidation of paraffins, in contrast with their pyrolysis, increases 
rapidly with the length of the unintemipted carbon chain. An attempt is made 
to construct a simplined theory of the oxidation, based essentially upon ^meno v's 
" slow-branching mechanism, and assuming the latter to depend upon the 
splitting of unstable peroxides into alko:^ rafficals, which are themselves labile 
and loM formaldehyde by simple electronic rearrangement. The salient facts 
with, which the thec^ (and the new experimental work) deal are : the influence 
of the length of hydroc^bon chain, the induction peiic^, the contrasted effects 
of oxygen and hycuncarbon pressure on reaction rate, the influence of inhibitors, 
and ihe euly formation of HCHO in the reaction. 


R68iim6. 

Le Vitesse d'oxydation des hydrocarbures satur6s crott rapidement avec la 
longueur de la de carbone. On sura^ une thdorie simplifide de I'oxy- 

dation, basde sur un mdcanisme & ** xanuncation lente lui-mtoie ddpendaut 
de la coupure de peioxydes instables en radicaux oxyalcoyles, qui peident de 
la foimalddhyde par simple rdarrangement dlectronique. La thdorie e3q>lique 
ilnfluence de la longueur de la chalne de rdydrocarbuxe, les efEets contraires 
de la prdssiou de I'oxygdne et d'lndrocarbure sur la vitesse de reaction, I'influence 
d’inhibiteurs et la formation de HCHO dds le ddbnt de la reaction. 

Trans. Faraday Soc.» 1946, 43, 269. 

Layng and Youker, Ind. Eng. Chm., 1928, 30 , 1048 ; Kane, Chamberlain 
and Towneud, J. Chsm. Soc., 1937, 436 - 
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Zusammenfassuiig. 

Die Geschwindigkeit der Oxydation von Paraffinen wAchst tasch mit d^r 
Lange der tmunterbrocheneii Kohlenstofikette an. £s wird eine vereinfachte 
Oxydationstheorie voxgescblagen, die anf einem Mechaniamns mit langsamer 
Kettenverrweigung beruht, der seinerseits von der Spaltung instabiler Peroxyde 
in Alkoxyradi^e, die dann durcb einfacbe Elektronenumordnung Fonnaldehyd 
verlieren, abh&ngt. Die Theorie erkl&rt den Einflnss der LBnge der Koblen- 
wasserstofikette, den Kontrast der Abh&ngigkeit von Sanerstofi- nnd I&)hlen- 
wassexstofidruck auf die Reaktioni^escb.windigkeit, den Einflnss von VerzOgeiem 
nnd die fitdizeitige Bildung von Formalddiyd in der Feaktion. 


PART IV.— OXIDATION OF LOWER PARAFFINS. 

By M. F. R. Mulcahy.* ‘ 

Received 2^rd July, 1947. 

In experiments described in Part III the rates of oxidation of a number 
of paraffin hydrocarbons were measured under comparable conditions. 
It was shown that from pentane to decane the oxidation rate increases 
rapidly with the length of the carbon chain. The work reported in this 
paper extends the general comparative sur\*ey to the lower members of 
the series, viz. M-butane, propane and ethane. 

Experimental. 

The apparatus and esperimental method ware similar to that referred to in 
the previous part, the maximum rate of pressure increase being taken as a measure 
of the rate of reaction. The (cylindrical, silica) reaction vessel was somewhat 
smaller : 6 cm. diam. x 10 cm. It was necessaiy to acclimatise '' the vessel 
to ea^ hydrocarbon by carrying out a number of preliminary runs in it, before 
reasonably consistent values for the rate and particularly the induction period 
could be obtained. 

The Relative Oxidation Rates of n-Pentane, n-Butane, Propane 
and Ethane. 

As with the higher members of the series, it was not found possible to measnre 
oxidation rates for more than two hydrocarbons at the same temperature, since 
the temperature interval for each h3rdrocarbon between infinitesimal reaction 
qnfl the appearance of a cool flame or e3q}losion is too small. The hydrocarbons 
have therefore been taken in pairs and rates compared in each case at a 
convenient common temperatiim. This introduces a certain arbitrariness into 
the results since, as will be seen, the temperature coefficient of reaction rate is 
not the fmrrift for each hydrocarbon. Moreover the comparisons have been made 
for the most part at a single hydrocarbon /oxygen pressure ratio (30 nun. h.c./ 
250 mm.O|}. Consequently the figures given s^nld be taken as giving only an 
order of magnitude for the relative reaction rates. 

In Fig. I the logarithm of the maximum rate, logjg pMx>. has been plotted 
against ijT lor mixtures of 230 mm. oxygen with 30 mm. ethane, propane and 
w-butane respectively. The i>oint on the extreme right, which represents several 
measniements. refers to a siutilar mixture with n-pentane at a single temperature 
(263° c.). With propane below about 300° c. the induction periods became 
mconvaniently long (> 24 hr.). Cons^uently for measurements at these tem- 
peratures the propane received an addition of i % acetaldehyde which consider- 
ably shortened tim induction period. As far as can be seen from measurements 
at temperatures where it was possible to compare the rates with and without it, 
the I % acetald^yde no appreciable difEerence to the rate (Fig. 1, cf. also 

Pease Because of the great diSeren(» between the reactivities of propane 

* Member of the research stafl of the Council for Scientific and Industrial 
Research (TtibophysicB Section), Australia. 

^ Pease. Chem. Rev., 1937, >79* 
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and ethane it is necessary to compare extrapolated values of the rates. The 
comparison has been made mid-wny betA\een the highest and lowest temperatures 
available for each hydrocarbon respectively and, although the extrapolation 
of the propane curve is rather uncertain, the figfure obtamed is reliable at least 
as regards order of magnitude. Table I gives the relative reaction rates obtained 
from comparisons made at the temperatures mdicated by the arrows in Fig. x. 



It is dear that the reaction rate increases steeply with the c hain length of the 
hydrocarbon. This is in accord with the general bdiaviour of the higher hydro- 
carbons described in the previous part. 


The (log pbux.) — I /r curve for propane is interesting since it shows 
that with increasing temperature Ihe reaction rate passes through a 
at about 320° c. and then for the next 40° shows a negative 

temperature coefficient 

TABLE I, 

RtUio of Reaction 
Rate, 

n-Feutane : ti-Butaue 3 i* 

»-Butane : Propane 5 i 

Propane : Eths^ 90 t 


Temperature. 
26^^ c. 
389° c. 
4bi° c. 


until at about 360° it 
begins to increase again. 
Similar behaviour over 
roughly the same tem- 
peraturemterval has been 
found by Pease * working 
with higher pressures of 


oxygen and propane. The phenomenon seems to he characteristic of paraffin 
hydrocarbons in general and is usually assumed to mark the temperature 
range in which the oxidation changes over from the " low-temperatuie " to 
the *' high-temperature ” mechanism.** » It is generally accepted that ethane 
(and methane) in the absence of other substances, is only capable of reacting 
by thft high-temperature Tn*v-baTii«Tn, and in fact the kinetics of the 
of ethane show a number of fairly well-defined differences from 
t hose characteristic of higher paraffins (cf. Prettre * and bdow). 


* Comparison of 50 mm. hydrocarbou/soo m m . oxygen mixtures at 257’5° and 
at 36 x' 5° also gave ratio. 

• Vease, J. Amer. Chan. Soc., 193^* 2244. 

• Newitt and Thames, J. Chem. Soc., I937» 1669. 

* Pmttto, Acta Physicochint., 1938# 9» 581. 
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Some Experiments on the Influence of the Concentrations of the 
Reactants on the Maximum Rate and the Induction Period 
for Butane and Ethane. 

In Fig. 2 and 3, which refer to butane and ethane respectively, the maximum 
rate (pja»x.)> the reciprocal of the mduction period [iJO), and t^ final pressure 
reached on complete reaction {APa^) are plotted against the initial partial pressure 
of each, of the reactants. 

Butakb (Fig. 2). The rate rises rapidly with mcreasing initial pressure of 
butane, the curve being of the form = Ap*, where 11 = 17. However, 

it would appear that no 
simple significance can 
be atta^ed to the 
numerical value of n 
(or A). Another series 
of experiments with the 
reaci^n vessel in a less 
active state but other- 
wise under identical con- 
ditions gave a curve of 
essentially similar shape 
but with different values 
of A and n (n =< 2'i). 
The influence of oxygen 
concentration is quite 
different. The rate rises 
to a shallow mairiTniiTn 
at about 100 nun, oxygen 
pressure and then very 
gradually decreases, i.e. 
beyond an oxygen/ 
butane ratio of roughly 
i>2 oxygen has a aUght 
retarding effect on fhe 
rate. Experiments with 
50 mm. butane and 
varying pressures of O, 
at 259° gave a similar 
result. 

It will be seen from 
Fig. 2 that the reciprocal 
of the induction period 
(here defined as the 
time, in min., for the 
reaction to reach a 
standard rate, 0-5 mm./ 
min.) increases linearly 
with both the oxygen 
and the hydrocarbon 
Open circles — variable 0 | (butane = 80 inm. 1 . concentratioiis. The 

Full drcles— variable butane (O, = 250 mm.), 263“ C. difference in behaviour 

between the maxiTnnm 

rate and the induction period in these drcumstances is remarkable. Both as 
r^iards the dependence of the induction period and the rate on the reactant 
concentratioiis, the genertd behaviour of bntane is very similar to that of hexane 
and pentane (see III). 

Fig. 2 shows that the final pressure Ap^ * increases linearly both with the 
oxYfseay and butane up to a maximum in each case, occurs close to the 

oxygen/butane ratio of 3 : The same result was also obtained with 50 mm. 

butane and varying On pressnie at 259”. 

Eteanb (Fig. 3).'{ Comparison of Fig. 2 and 3 will show that with ethane 
the general picbire of the dependence of the rate and induction period on the 

* Most of the x>ointB in the APa^ curves of Fig. 2 were obtained by extrapola- 
tion. This accounts for the acatto. 

t These measuiemenis are rather lesb accurate than the foregoing because 
of the high rates of reaction. 
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partial pressuips of the reactants is different from the corresponding behaviour 
of butane and the higher hydrocarbons. The most notable point of difference 
is the effect of oxygen concentration. With ethane the rate increases with rat^r 
more than the first power of the oxj'gen pressure. This contrasts strongly with 
the slight retarding effect 
of oxygen in the butane 
experiments. The in- 
fluence of hydrocarbon con- 
centration also seems to be 
more marked, the apparent 
‘ order ’ being between 2 
and 3. Substantially simi- 
lar results have been ob- 
tained for ethane at 450- 
460“ by Taylor and 
Riblett.* A positive in- 
fluence of the oxygen pres- 
sure on the rate of oxidation 
of propane at high tem- 
peratures has been observed 
by Newitt and Thornes * 
and by Pease.* Pease has 
pointed out that this is in 
contrast with the behaviour 
of the same hydrocarbon 
at lower temperatures 
where the rate is nearly 
independent of the oxygen 
concentration. 

Again in contra- 
distinction to the higher 
hydrocarbons, a linear 
increase of ijB with the 
reaetant concentrations 
was not found for ethane 
at least as regards the 
effect of the h3^’^carbon 
(Fig. 3) . It appears that 
the rate of the initial 
stage of the reaction Fig. 3. 

runs roughly parallrf to Opon circles — variable O, (ethane — 50 mm.}, 
the maximum rate. This fxOI dides— variable C,Ha (oxygen -.250 mm.), 
further emphasises an 486'* c. 
important difference be- 
tween the general kinetic schemes which obtain in the oxidation of ethane 
on the one hand and of the higher paraffins on the other. 


Summary. 

The steep gradation with carbon f-baln length of the oxidation rate of the 
higher h3rdrocarbons is continued in the series n-butane, propane, ethane. A 
companitive survey is made of the kinetics of the three reactions nnd«ff comparable 
conditians. 

R6siim6. 

La gradation rapide de la decomposition des h3^ocarbures supdrieurs avec 
la longueur de la ch^e de carbone est cmitinue dans la sdrie n-butane, propane, 
dthane. On donne un expoad comparatff de la dndtique de ces trois rdactions 
dans des conditions comparables. 

• Taylor and RCblett, J. Physic. Chem., 193 ij 3St 2667. 
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Zusammenf assung . 

Die j&tie Abstufung des Zerfalls der hdlieren. Kolilenwasserstofie mit der 
L&nge der Kohlenw£isseTStofEkette wild in der Serie n-Butaa, Propan, Athan 
fortgesetzt. £s xvird ein ‘Cberblick fiber die Kinetik der drei Reakl^nen unter 
vergleiclibaren Bedingungen gegeben. 

Physical Chemical Laboratory, 

South Parks Road, 

Oxford. 


THE MEASUREMENT OF FAST REACTIONS OF 
ATOMIC HYDROGEN. 

By J. C. Robb and H. W. Melville. 

Received ^ 6 th June, 1947. 

In hjomogeneous gas reactions it has become increasingly apparent 
that one of the important controlling steps is the interaction of atoms or 
radicals vdth molecules. Such interactions may result in exchange, de- 
h3rdrogenation, or addition if the molecule is unsaturated. The present 
paper deals with the third type of process. The addition reaction while 
of great int rinsi c inter^t is also the main step in the polymerisation of 
ethylenic compotmds. The simplest type of radical-double bond inter- 
action is the addition of atomic hydrogen to ethylene and the logical 
extension is the examination of this interaction with ethylene derivatives 
in order to determine quantitativ^y how the structure od ethylene com- 
pounds will affect the reactivity of the double bond. 

Hitherto the velocity of such an elementary reaction has not been deter- 
mined since it is so great. In all experiments which have so far been done 
the rate of addition has been wholly determined by the rate of production 
of atomic hydrogen, simply because all the hydrogen atoms generated 
have disappeared by the reaction with ethylene. It is this fajct that 
automaticalLy precluded the measurement of a velocity coefficient. In 
order to measure such a coefficient, it is necessary to arrange matters so 
that a competing reaction for hydrogen-atom removal operates simul- 
taneously, the velocity coefficient for the competing reaction being known 
accurately. The problem here is to choose such a competing reaction for 
it is believed that the efficiency of the uptake of atomic hydrogen by 
ethylene is very high. The convenient para h3rdrogen method cannot, 
unfortunately, ^ used, for the collision of H -H H, -► H, H is too 
low at io~’ at 20® c. The reaction which has been chosen to solve this 
problem is the uptake of atomic hydrogen by molybdenum oxide, MoOs. 

Experimental. 

It is well known that molybdenum oxide,^ a light yellow powder, has the 
property that it can add on hydrogen atoms very easily and in so doing turns 
blue. This seemed to be a possible means of providing a comjMtitive hydrogen 
atom-removing reactioii. It had, however, to be shown that all hydrogen atoms 
striking the surface were remov^. and farther that the glass surfaces of a re- 
action vessel would act as a perEert reflector. 

These facts were verified by naeasuring the quantum input to a parallel- 
walled reaction vessel, a cm. deep, two methods. The first method was t^t 
described by Birse and Melville,* nuking use of the kinetics of the conversion 
of para hydrogen to ortho h.ydr^[en. jbie other measurement was made by 
covering Ixce bottom of the reaction vessel with MbOa and measuring the rate 

^ Johnson, J. Franklin Inst., 1929. 3*07, flag ; 1930, aio, 135. 

* Birse and Midville, Proc, Roy. Soc., A, 1940, 175, 187. 
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of pt«ssnre drop. By assuming that each, hydrogen atom generated is removed 
on the oxide layer and that each quantum produces 2 hydrogen atoms, the 
quantum input can be calculate . Table I shows the satisfactory agreement 
between the two methods of estimation. 


TABLE I. 

Method of Measurement. 

Conversion of para hydrogen . 

Rate of removal of hydrogen on MoO, 


Quantum Input. 

2'87 X io“ quanta /sec. 
2.S1 X 10^* quanta/sec. 


The agreement of the two estimates indicates that the assumptions are justihed, 

i.e., 

1. all hydrogen atoms generated are removed on the oxide surface ; 

2. no hydrogen atoms recombine on the glass walls of the reaction vessel at 
the expense of the oxide surface. 

The maximum pressure of h3rdrogen used in these investigations w'as zo mm. 

Reactloii Vessel. — In o^er to be able to alter at the efficiency of the 
competitive removal of hydrogen atoms on a molybdenum oxide surface, it riras 
decided to construct a reaction vessel so that 
the life-time of a hydrogen atom could be 
shortened or lengthened according to the type 
of reaction being studied. 

The final demgn is shown in Fig. 1. The 
body of the reaction vessel A was formed 
from the neck of a bolt-head flask which had 
a conveniently wide flange on top. The side- 
tube is fitted with a ground glass cone C, 
to facilitate removal of the whole reaction 
vessel from the rest of the apparatus. F is 
a shallow glass dish supported on four springs 
screwed into a brass holder G. The spadng 
of the glass plate is maiatained at a pimeter- 
znined distance from the silica window £, by 
four small glass blocks. A ring of soft gla^ 
is fitted on top of the silica window to limit 
the generation of active centres to the volume 
direray above the glass dish, which, when 
the apparatus is in action, contains a layer 
of molybdenum oxide. T^ lower end of the 
brass spring holder is conically rece^d and 
fits over a conical point above tube H. The 
purpose of this is to ensure that even if H 
IS not truly perpendicular to the plate £. 
plate F wiU stDl automatically take up a position parallel to £ at the predeter- 
mined spa^g and will be finnly helo by the springs. Column H consists of a 
brass tube internally screwed and fitted with three flutes for the purpose of locating 
the tube in the centre of the lower part J, and at the same time allowing adequate 
space for diffusion from J into the body of the vessel. A small indentation is 
made in the glass part J so that the fluted tube cannot rotate within the vessel. 
Another brass rod, screwed to fit inside H is fitted so that it can be turned by 
rotating the ground g^ass joint B. In this way, the ^te F can be raised or 
lowered at will and set at any deptii in the reaction v»^. 



Fig. z. — VatiaUe path reaction 
vessel. 


Analytical Methods. 

Two methods of dealing with the analysis of the reaction mixture to detennme 
the extent of removal of the double bonds have been devised. In the first, the 
actual number of double bonds used np are estimated and in the second, the 
number of hydrogen atoms which r^lch the molybdenum oxide surface is 
measured. 

In the measurement of the number of double bonds used, a McLeod gauge 
was modified by removi^ the compression capillary limb and replacing it by a 
piece of thin glass tubing with a No. 10 ground gflass socket. A silnn. tube, 
doeed at one end, is sealed to a No. 10 silica cone and fitted to the socket. It is 
then pos^le to compress a sample of double bonds and hydrogen into the 
thim bl e, irradiate the mixture with light at 2537 a. and from the drop in pleasure 
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calculate the percentage of double bonds in the mixture. By taking a sample 
from the reac^n vessel before and after a run, the amount of hydrogen atoms 
used up in the actual hydrogenation can be estimated and applied to the cal- 
culations. 

The other method is to estimate the actual number of hydrogen atoms which 
are added on to the molybdenum oxide. This is done by following the colour 
change of the oxide as the hydrogen atoms add on. The apparatus is shown in 
Fig. 2. It consists of a 25 w. lamp A, silvered except for a small aperture through 
which light is projected along tube B and directed by means of a small poly- 
styrene prism-lens combination D, on to the oxide surface at £. The reflected 
light is measured by the photo-electric cell C and as the surface becomes more 
and more blue, the intensity of the reflected light becomes less. It is found that 
by suitable adjustment of scales a linear relatdon^p can be obtained by pitting 
the current or voltage developed by the cell against the logarithm of the time of 
irradiation. The lamp intensity is maintained constant by eliminating voltage 
fluctuations by a voltage stabiluer. 



25 S 7 A roe/Mj/fon. 
S ihca fihte. j 



Oxid*. 

Rtmovinq /byer. 

Fig. 3. — ^Theoretical 
diagram of re- 
action system. 


Theoretical. 

The method of approach which was considered to be the easiest and 
at the same time most absolute was to make use of the stationary-state 
difEerential difEusiou equations. This method has been treat^ by 
SemenofE * for a limited number of conditions. His theoretical methods 
were devised to deal with chain reactions, but they are easily shown to 
be equally ai^licable to the diffusion of active centres, such as hydrogen 
atoms or radicals, through a gas mixture. 

The experimental conditions are as foUows. Consider a reaction vessel 
as in Fig. 3 with a top window of silica to permit the passage of 2537 a. 
radiation to produce excited mercury atoms to generate the necessary 
active centres by collision and transference of energy. It may be men- 
tioned here that of all the methods available for the gmieration of hydrogen 
atoms the most convenient for absolute study seems to be the mercury- 
photosensitised. It avoids also the necessity for a flow system and tends 
to make the experimental manipulation easier. The bottom surface of 
the reaction vessel is a perfect trap for the active centres, removing each 
active centre as it coUides with the surface. The amount of rac^tion 
absorbed per unit volume will vary exponentially throughout the vessel 
and hence the number of active centres generated at any particular point 
will vary. 

Now in any layer, we have active centres being destroyed by collision 
with unsaturated molecules. The rate of removal will be given by 

-d(H)/d< = *,(H)(X) 

where ft* is the velocity constant of the reaction and (X) the concentration 
of the removu^ agent. For convenience let ftt(X) =» g. Then the number 

* Semenoff, Chemical Kinaics and Chain Reactions. 
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of hydrogen atoms removed per cc. per sec. will he g(H) or in the more 
general case where « is the concentration of the active centres, gn is the 
number of active centres removed per cc. per sec. 

In the stationary state, when tte rate of removal of active centres is 
equal to the rate of generation, we can get from diffusion theory the 
following differential equation. 

jD(d*w/dA'*) + l^oer^ — gn = o, . . • (i) 


where c is the number of active centres produced per quantum and A the 
extmction coefl&cient for mercury vapour. Now let b* = g/D. The 
solution of this equation is 



Fig. 5. — Change of blueness of molybdenum oxide. 


Now the diffusion coefficient D is defined by 

N=~D(d»/(iv). . . . (3) 


where N is the actual number of active centres which pass through the 
plane x in unit time and (dn/dx) is the concentration gradient at a point 
distant x from the incident piano of irradiation. Differentiating eqn. (a) 
and multiplying by D, 


-N = 


IJiC 

(A» - 6*) 


b siuh bx — 

,bd^ 

cosh — 

2 


2 - A. 


cosh b 






If =1 d/2, where d/2 is the depth of the reaction vessel, we got the number 
of atoms which actually roach the removing layer of molybdenum oxido. 
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If vre further let the ratio of the number of atoms which reach the oxide 
to the number produced be R, then the following relationship is obtained : 


- J? 



k 

e i){k* — b*) 


r 6 sinh. ^ 


cosh — 
2 



h 


cosh 


bd 


_hd 
+ A e 2 


( 5 ) 


The best method of solving this equation for Z> is to graph the value of R 
for various values of b. By suitable choice of conditions a curve can be 
obtained as in Fig. 4 to cover the range of b required for a change of R 
from 0-25 to 0'75. The value of R can be measuj^, and from the curve, 
the corresponding value of 6 may be obtained. Hence, knowing the 
value of D, is determined. From this value, knowing the concentration 
of X, the v^ocity constant is evaluated. 

Since kf = x x collision efl&dency, where x is the collision number 
and is calculated from 



Mh + ATx 
ATh. ATx 



where o is the mean collision diameter of the two particles H and X, the 
collision efficiency of the reaction is obtained. 


TABLE II. 


Ron. 

PICA ). 

(mxn«). 

(mm.). 

^(Ht) Dinociated 
(lain.). 

^(C A) Used 
(mm.). 

coll. £S. 

1 

0*8 

5’4 

0*38 

0-5 

l*l X IO-* 

2 

0*7 

5-2 

. 0-38 

0*47 

I'l X 10-* 

3 

0*75 

5-6 

0*38 

0-34 

1*4 X 10-* 


A typical run is shown in Fig. 5 where the change in the rate of blueing 
of molybdenum trioxide in presence of a h3rdrogen atom-removing agent 
is observed. BE represent the course of the change of blueness in 
absence of a gas-phase removing agent and BC the course in presence 
of the agent. F^m these the relative times to reach the same degree 
of blueness can be obtained and hence the ratio of the number of atoms 
reaching the la3rer to the total number produced. 

It h^ been discovered that in the case of butyl radicals and methyl 
radicals, although they add on to molybdenum oxide, they do not afiect 
the degree of blueness to any appreciable extent. 


TABLE III. 


Results. 

The above methods have been explored in a preliminary fashion with propylene. 
During initial experiments a modd reaction vessel was made up from a filter 

fnnnd. with a glass plate inserted 2 mm. from 
the rim and then the silica plate fastened on 
with Fiden wax. The analytical method of 
measuring the number of double bonds hydro- 
genated was adopted. The quantum intrat could 
be obtained by canying out a run with hydrogen 
and measuring the rate ofpxessure-drop in the 
reaction vessel. Table li shows the results 
obtained. 

By using the new reaction vessel and the 
coloi^etric technique, concordant results have 
bem obtained as shown in Table 111 . It is seen that the agreement is quite satis* 
factory, in view of the fact that two diCEerent techniqnee have been adopted and 
in two difieient reaction vessels. It is predicted that with suitable adjustment 
of conditions, coUirion effidencies in the range of ro-* to 10-* can be measured. 


Ron. 

CoUlalon Effidency. 

4 

1*0 X IO-* 

3 

0*8 X 10-* 
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We wish to thank the trustees of the Cam^e Trust for the award 
of a scholarship to one of us (J. C. R.). 

Summary. 

Hitherto, the velocity constant of the simple addition of a hydrogen atom to 
an nnsaturated compound has not been accurately determined since the reaction 
occurs very rapidly. The main difficulty has been to got an efficient competitive 
reaction which is capable of accurate control and measurement. In this method 
the removal of hydrogen atoms on molybdenum oxide (MoOj) is described and 
utilised to provide the competitive removal reaction. 

A new type of reaction vessel is described by moans of which the lifetime of 
a hydrogen atom can bo altered as required by varying the path-distance of the 
hydrogen atom. This is done b^' raising or lowering a plate covered with 
molybdenum oxide. 

A method is also descnbed for measuring the percentage of double bonds 
present in a mixture of olefin, saturated hydirocarbon and hydrogen by hydro- 
genating the double bonds by mercmy-photosensitised dissociation of molecular 
hydrogen. 

The amount of atomic hydrogen removed on the molybdenum oxide surface 
is estimated by a colorimetric technique by measuring light reflected from the 
surface. 

The application of these methods i% discussed and illustrated by measurements 
made of tiie collision efficiency for the addition of a hydrogen atom to a propylene 
molecule. 

R^sum^. 

On a mesur^ la constante de vitesse pour I’addition d'atomes d'hydrog&ne k 
des composes non satur^s par tme reaction de competition, MoO, enlcvant le.s 
atomes d'hydrogknc — on decrit comment mesurer le pourcentage de composd 
k double liaison, prdsont dans im mdiange d’oldfines, dliydrocarbures saturds 
et d hydrogdne, par hydrogdnation au moyen de la dissociation photosensibilisde 
au mcrcure d'hydrog^o moldculaire. La mdthode est appliqudo, par exemplc, 
anx mesures de la frdquence de chocs dans Taddition d'lm atome d'hydrogdno 
k la moldcule de propyl^e. 


Zusainmeiifassuiig . 

Die Geschwindigkeitskonstante der Addition von Wasserstofi an imgeshttigte 
Verbindungen wnrde dadurch gemessen, dass eine hompetierendo Scitenreaktion 
ffir die 'WasserstojSatome, ndmllch ihre Entfemnng durch MoO„ geschaffen wurdo. 
Die Messung des Pcrzentgehaltes an Doppelbindungskdrpom in cinem G^omisch 
von Olefin, geshttigten Koffienwasserstonen imd WasserstofiE, das durch Hydiier- 
ux^ mit Hme der durch Quecksilber sensibilisierten photochemischen Dissozi- 
ation von molclcularem Wasserstofi orhaltcn wnrde, wird beschriebon. Als 
Bcimiel der Anwendung der Methode werden Messungen der Stosshfinfigkeit 
ffir die Addition von Wasaerstoffiitomen an das PropylenmoloklU boschiioben. 

Chemistry Department, 

Marisch^ College, 

Aberdeen. 


GENERAL DISCUSSION, 

Dr. H. Steiner {Manchester) said : With reference to Prof. Hinshel- 
wood's questions regarding; the low steric factors of reactions of hydrogen 
atoms and also of methyl radicals with hydrocarbons, may I put forward 
a sn^estion, whdeh, though probably not applicable to the reactions of 
methyl radicals, may be of importance in the case of the h3^drogen atom 
reactions. Some years ago P^f. Rideal and I, when investigating ex- 
change reactions of deutennm and hydrogen chloride ^ were led to ^dy 
the transition complex H * — Q — using the semi-empiiical method of 
Eyeing,* this complex being typical of exchange reactions of the t3q)e, 

* Steiner and Rideal, Proc. Roy. Soc, A, 19391 I 73 f 503. 

*For references, see Glasstone, Laidler and E^ng, The Theory of Rate 
Processes (McGraw-Hill, 1941). 
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D + CIH -► DQ + H. We found that the transition complex had con- 
siderable stability and should be formed readily because of a low activa- 
tion energy associated with its formation. Yet experimentally it was 
found that this reaction does not occur. It is likely that this is due to a 
very low "transmission coefl&cient ", the deuterium atom instead of re- 
acting being reflected back. Applymg to the potential-energy diagrams 
the rolling-ball picture of Petzer and Wigner,* one finds that because of 
the disparity of masses between the attackiiig deuterium atom and the 
central chlorine atom in the complex the energy of reaction cannot be 
dissipated but remaina concentrated as vibrational eneigy of the newly- 
formed D — Cl link. As a consequ^ce the D atom spliis ofl again and 
no reaction occurs. In the reactions studied by M^ville and Robb • 
particularly, a similar disparity of masses exists between the attacking 
hydrogen atom and the carbon atom of the olefine, with which it is to 
form a link. It may be that for thig reason it is difficult to transmit the 
energy in the newly-formed link and as a result the probability of stabil- 
ising the corresponding molecular complex is small. This efiect should 
manifest itself as a low steric factor for these particular reactions. 

Dr. J. Weiss {Newcastle) said : Prof. Hinshelwood has referred in his 
remarks to the important question of the two possible ways in which free 
radicals can interact, i.e. dimerisation and disproportionation. It is, of 
course, not possible to make any definite preffictions regarding the be- 
haviour of radicals althongh it is perhaps possible to outline a few general 
considerationa. 

Dimerisation is generally favoured in solution where a third body is 
practically alwa3rs present. In the case of radicals with a dipole moment, 
as for instance OH, dimerisation of the radicals to form H|Ot is disfavoured 
as in this case the negatively-charged ends of the dipoles would have to 
approach each other to a distance where the valence forces come into 
play. In general, dipole radicals will tend to assume the position of 

lowest potential energy, i.e. which, obviously, favours dispropor- 

tionation. Therefore, in all these cases if disproportionation is possible 
it will be favoured rather than dimerisation, which is in agreement with 
experiments.* 

Dr. M. Szwarc {Manohesier) said; The recombination of atoms is 
known to be a three-body collfsion or a wall reaction. It is assumed, 
however, that the recombination of two radicals can occur as a two-body 
collision if there are enough degrees of freedom among which the energy 
released in the association process can be dissipated. The kinetics of 
the pyrolysis of benzyl iodide, investigated by C. Horrex and myself, 
seems to indicate that the recombination of benzyl radicals is not an 
efficient process, and it is quite probable that it requires a third body. 
Even more clear evidence b^n obtained by mys^ in the study of 
the ;^-xylyl radicals. These radicals were shown to disproportionate in 
the gas phase under a pressure of a few mm. Hg, no dimerisation was 
observed. However, in the liquid phase, where th^ radicals were pro- 
duced by the thermal decomposition of acetyl peroxide in ;p-xylene as 
a solvent the bulk of resulting product was found to be the dimer, 
CHr-C,H*— CHg— CHr-C,H4— CH,. 

Wo can conclude, therefore, that the two-body recombination of ^xylyl 
radicals is a rare event, but in the liquid phase where each collision is 
probably a three-body collision, the dimerisation occurs quite easily. 

It seems that we can generalise these observations ai^ state that the 
recombination of even complex radicals proceeds usually by the three- 
body mechanism, and the two-body recombination has an extremely 
small probability factor. 

* Melville and Robb, this Discussion, p. 13X. 

* Cf. also Weiss, Trans. Faraday Soc., 1940, 34, 856. 
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It seems that the results obtained by Bawn and Tipper in their 
investigation of CH| radicals can be interpreted as an interesting case of 
a three-body collision leading to two different products of reaction. The 
lecombination of CHg radicals in N, is a three-body reaction : 

CH, + CH, N, ^ C,H4 -h N,. 


The same reaction in Hj can lead to a recombmation of either pair of 
reactors : 

^ 1^4 "f“ Hi 

CH, -I- CH, -}- H, ^ 

+ CH4 

If this is the case, then the CjH4/CH4 ratio is independent of H, pressure, 
and this was actually stated by the authors. 

Dr. G. F. H. Tipper {Bristol) {communicated) : In connection with the 
paper by Steacie, Darwent and Trost, information on the steric factor of the 
res^on between methyl radicals and hydrogen can be obtained from a 
calculation using the results of Bawn and Tipper.* 

It is thought probable that when sodium is passed into excess methyl 
iodide in hydrogen the methyl radicals formed disappear by the two 
reactions, 

(1) CH, -f H, = CH4 -1- H 

(2) CH, -f CH, = C,H, ft,. 


Then 




dt 


ft,[CHJ' 


Using the usual expression for ft, ft = PZt SjMT where P is the steric factor, 

= P^Z^e-»xl^ [CHJ[HJ 

« P,Z,e--»t/» 2 ’[CH,]« 


dividing 


[CHJ P, 
[C,HJ-"P, 


•Z. ® [CHJ 


From experiments at a hydrogen pressure of 5*8 mm. and a temperature 
of 363° c. the ratio CH4/C,H, = 37. Pi— P, has been found to be about 
9000 cal., and Zi can 1 :^ taken as equal to Z,. 

The i^ue of the stationary concentration of methyl radicals is some- 
what uncertain, but a maximum value is about io~* mm. (sodium atom 
pressure). Inserting these values, Pi/P, is found to be about 2. If a 
lower value of CH, of io~* is taken, Pi/P, is 0*2. The values of Pj and 
P, therefore appear to be of the same order of magnitude. P„ the steric 
factor in the recombination of methyl radicals, is generally considered 
to be small ^ (~ io~^) and thus the steric iax±OT for the reaction of the 
radicals and hydrogen would seem to be small also. 

Dr. H. Steiner {Manchester) said : It has been shown in this Discussion, 
pauticularly by Steade,^ that considerable differences exist in the reac- 
tivities of hydrogen atozns and of methyl radicals with the lower molecular 
weij^t hydrocarbons of the parafBn s^ies. The opinion was expressed * 
that this is due mainly to differences in the reactivities of hydrogen atoms 
bound to carbon by primary, secondary and tertiary bonds respectively. 
This in turn can be correlate with tlm corresponding differences in the 
bond energies of these linkages as was revealed particularly by the later 


> Bawn and Tipper, Trans. Faraday Soc.t this Discussion, p. 103. 

* Bawn, Trans. Faraday Soc., 1935, ^ 536 - 

’’ Steaae, Darwent and Trost, this Discussion. 

• Smith and Taylor, J. Chem. Physics, 1939, 7, 390. 
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work of Polanyi and collaborators.® I -wish to report some calculations 
which Dr. Watson and m37self have carried out based on experiments 
on chlorination of paraffins by Hass and collaborators.^ The results 
further illustrate the variationa in reactivities of prhnary, secondary and 
tertiary carbon-hydrogen bonds. The thermal chlorination of gaseous 
paraffins at temperatures of 2oo“-4oo‘* c. proceeds by a chain mechanism 
and it can be shown that the rate-determining step is the reaction of a 
chlorine atom with the hydrocarbon according to 

Cl RH — ► HCl + R . . . . (i) 

This is followed by the rapid reaction 

R -f- Clj *~ ' > ■ RCl -j- d .... (2) 

leading to the final substitution product. 

In the case where reaction with hydrogen atoms on different positions 
of the same hydrocarbon molecule can take place one obtains difiEerent 
products, the ratio of which directly gives the ratio of the relative rates 
of reaction (i) . Thus in the case of propane we obtain the monochlorination 
products I- and 2-chloropropane respectively and the ratio of the 3delds 
of the two products directly gives the ratio of the rate of the reaction of 
a Q atom with a primary or secondary hydrogen of propane. Whilst 
by this method it is impossible to obtain abwlute reaction rates, the 
r^tive rates can be obtained with considerable accuracy. In some cases 
relative yields have been measured over a range of temperatures and it 
is then possible to obtain the differences of activation energies and 
temperature-independent factors separately. In the case of propane we 
find for the relative reactions of a chlorine atom with a primary and a 
secondary hydrogen respectively a difference of 1*3 kcal. in the activation 
energies, wMle the temperature-independent factors are very nearly equal. 
In the case of tsobutane we find a ffiffecence of 17 Iccal. in the activation 
energies for reaction with the primary and tertiary hydrogen atom re- 
spectively ; again the temperature-independent factors are equal within 
the accuracy of the experiments. Assuming that for other hydrocarbons 
the ratios of the temperature-independent factors are in the same way 
approximately unity, we can also calculate the activation energy differ- 
ences in cases where experiments were carried out at one temperature 
only. In this way, we obtain the following data ; 

i*-butane ABi* = 1*3 kcal./mole. 
n-pentane AJEi* = i-i „ 

isopentane AEi* =» i*i „ 

isopentane AEi* = 17 „ 

where AJ?i* and ARx* stand for the differences in activation energies of 
reaction with a primary and secondary, and with a primary and tertiary 
hydrogen respectively. 

G^erally it is seen that there is a difference of kcaL for reaction 

with a primary and secondaiy hydrogen respectively, and a difference 
of 17 kcal. for reaction with a primary and tertiary hydrogen. These 
differences are large if compared with the absolute activation energies 
of these reactions, which though not well known are of the order of 8-10 
kcal., but they are smaller -^an the differences in bond stimigth of these 
bon(k 2is given by Baughan, Evans and Folanyi."*^ These authors find 
a difference of 6 kcal. in the bond strength of tiie primary and secondary 
C — H bond in propane, and if it be assumed that the bond strength of 
the primary bonds in butane and wbutane are approximately equal, 
one obtains a difference of 8 kcal. in the bond strenjgth of primary and 
tertiary bonds in tsobntane. 

* Banghan, Evans and Folanyi, Trans. Faraday Soc., 1941. 37, 377. 

Hass, McBee and Weber, Ind. Eng. Chem., 1936, a8, 333. 
u Butler and Polanyi, Trans. Fara^ Soc., 1943, 39, 19. 
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For reactions of Na atoms with alkyl halides of the type : 

Na + OR — ► Na+Cl- + R 

Butler and Polanyi found for a whole series of hydrocarbon radicals R 
an approximately linear relation between bond strength and activation 
energy of the ty^ 

AJS = aAJT 

■where AE = diderence of activation energy ; 

AH’ =3 difference of bond strength ; 

and a = constant, a was shown theoretically to have a value of about 
0-3 and experimentally a value of 0*27 was found. It is of interest to 
apply this relation to the present results where data are available. One 
finds that in the case of propane a = 0-22 and in the case of tsobutane 
a = 0*21. Thus the same relation seems to hold for these reactions 
though with a slightly lower proportionality constant. It must be noted 
that thiH is by no means to be expected since Polanyi’s relation was de- 
rived under the assumption that little resonance occurs in the transition 
state, an assumption which is justified in the particular case of the sodium- 
fiame reaction to which this relation was applied. In contrast to this, 
resonance should be expected to play an important part in lowering the 
energy level of the transition complexes of the present reaction, yet the 
proportionality between bond strength and activation energy still seems 
to hold with only a sh'ghtly lower proportionality constant. This result 
indicates that (hfferences in the resonance energies of the transition 
complexes of a chlorine atom reacting with a primary, secondary or 
tertiary hydrogen respectively of a hyckogen carbon molecule either are 
non-existent or small enough to be neglect^. 

Dr. E. W. R. Steade (Ottawa) said : The results given in Norrish 
and Porter’s paper give quite a different view of the reactivity of methylene, 
and are thus quite important. The surprising thing is the num*^ of 
ways in which they differ from previous work ; a different life-time, lack 
of specificity of certain mirrors, inefBciency of lead mirrors with acetone, 
and a virtually bimolecular disappearance of radicals. 

The light source was very powerful, and formally one could explain 
the difference if CH, was not removed by a wall reaction, but by a second- 
order gas reaction, the rate thus increasing with increasing methylene 
concentration. This would also e^lain the second-order nature of the 
loss of activity. However, it seems unlikely that the concentration here 
was higher than that in experiments in which methylene was produced 
by the thermal decomposition of ketene. 

Dr. G. H. Bamford (Maidenhead) said ; It is difficult to draw any con- 
clusions about radical reactivities from measurements of half-lives \mless 
the precise nature of the radical-destroying reactions are known. Norrish 
and Porter remark that " the reactions of methyl and methylene radicals 
with themselves occur with similar readiness \mder the same conditions.” 
As a conclusion about the reactivities of the radicals this does not seem to 
be justifiable unless it can be shown that in Norrish and Porter’s experi- 
ments both radicals disappear in homogeneous reactions. If wall pro- 
cesses are important, the observed rate of reaction will depend not only 
on the reactivity of the radicals, but also on their accommodation co- 
efficients, and the accommodation coefBdents of the carrier gases. 

Hitherto it has been agreed that in experiments of this kind at room 
temperatures the radicals react mainly on the walls. Thus Faneth, 
Hofeditz and Wiinsch ^owed that heating the tube increases the life 
of free methyl, and attributed this to a reduction in the accommodation 
coefficient at high temperatures. Pearson, Purcdl and Singh concluded 
that methylene in diaxomethane reacts with the latter on the walls. 

Paneth, Hofeditz and Wunsch, J. Chem. Soc., 1935, 372. 

” Pearson, Purcell and Singh, ibid., 1938, 409. 



GENERAL DISCUSSION 


142 

Norrish and Porter's results at the higher light intensities given on page 98 
do not allow of a definite choice between first- and second-order l^etics. 
The results for CH, taken as a whole give a better first-order plot. (The 
second-order plot is fairly satisfactory except for the 90 and 95 cm. points, 
which are a long way out.) Their experiments at lower intensities (Fig. i 
of their paper) give a good second-order plot. The results of Paneth 
(for CH,) referred to above show an interesting similarity : for short 
distances (high concentrations) the order is nearly one, while for long 
distances it is almost two. These variations would seem to indicate 
that at high concentrations the radicals react by a fibrst-order process, 
and at lower concentrations by a second-order process, and thus imply 
a wall reaction. The experimental indications are therefore that the 
termination reaction is complex in nature, and it is doubtful if the present 
techniq^ue is capable of providing clear-cut evidence as to the comparative 
reactivities of ^e radicals. 

Mr. G. Porter (Cambridge) said : The differences in life-time and reaction- 
order mentioned by Dr. Steacie are not so surprising if we assume the 
following. 

(a) The recombination of radicals in flow experiments occurs almost 
exclusively by the collision of a radical horn the gas phase with one adsorbed 
on the wall. 

(b) The concentration of radicals adsorbed on the walls is proportional 
to the pressure of radicals in the gas phase at low concentrations, the total 
gas pressure being kept constant, but reaches a saturation limit at higher 
concentrations. 

Thus, at high partial pressures the reaction will follow a first-order 
law, but at low pressures the concentration adsorbed on the walls will be 
proportional to the partial pressure of radicals in the gas phase and the 
reaction will chang over to a second-order mechanism. The figure of 
about 5 X lO”* sec. quoted by several workers for the half life-time of 
various radicals prol^bly corresponds to the saturation part of the 
curve and is accompanied by a unimolecular law. From a comparison of 
concentration measurements, mirror-removal times and kinetics, it appears 
that the concentration of radicals in our experiments was not very high, 
despite the powerful lamp ; this is quite probable as a relatively small 
area of the tube was illuminated and the lamp was an inefficient radiator 
in the r^on below 3000 a.* 

These assumptions allow a fairly good description of the experimental 
data. As Bamford has pertinently pointed out, the kinetics of CH,- 
removal change from 1st to and order as the concentration in our experi- 
ments decreases. The removal of CHg also becomes bimolecular at lower 
concentrations. Similarly the failure of the unimolecular rate law found 
by Paneth ** was accompanied by rdatively low radical concentrations, 
t^ugh Paneth inclined to the idea that the reaction was always bi- 
mole^ar and that the &ilure to notice departure from hn^uity was due 
to " shorter range of measurement and the strong scattering of individual 
points in the former work". Unfortunately no comparison with high 
concentration of methylene, obtained by tJteiinal decomposition of ketene 
is possible as this reaction does not appear to produce methylene.^* 

The difference m specificity of met^ mirrors is almost ceriamly due to 
mirror poisoning and different surfoce conditions, although we found that 
bismuth gave particularly reproducible results, and was as rdiable as 
tellnrlum. 

* In high-pzesBuie mercoxy lamps of this type, the energy distribution is 
shifted toward the visible region. In addition, reversal of the 2536 a. line is 
complete and the absorption spreads over a considerable portion of the ultia- 
violert 

J* Paneth, Holfeditz and "Wnnsch, J. Chem. Soc., r933, 372. 

^ Pearson, Purcell and Saigh, tMd., 1938, 409. 
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The comparison of radical reactivities on the basis of mirror experi- 
ments made by Pearson, ourselves and others does, as Dr. Bamford points 
out, depend on the assumption that the accommodation coefficients of 
the radicals compared is the same. It is, however, extremely improbable 
that under the varied conditions of our experiments the accommodation- 
coefficient difierences should always compensate for the different reactivities 
of the radicals, nor is there any reason to suppose a vast difiference in 
accommodation coefficients between CH, and CHg, so that, as a test be- 
tween free-radical or relatively stable molecular behaviour, we believe 
that the method is valuable. Any more quantitative interpretation of 
the results of mirror experiments, especially comparisons under different 
conditions of concentration and surface, must be accepted with reserve. 

Dr. G. A. McDowell {Liverpool) (communicated) : Norrish and Porter 
in discussing the structure of methylene state that " in the sin^et state 
we £ire dealing with 
bonds arising from a 
pure p carbon atomic 
orbital, whereas the 
bonds in the triplet 
structure can be sp 
diagonal hybrids " ; and 
as this seems to be a 
common belief it is per- 
haps necessary to point 
out that Mulliken and 
Leonard - Jones have 

shown by ^e methods of group theory that it is possible for the bonds in the 
singlet state of methylene also to be hybrids. The group theoretical treat- 
ment of this problem is very simple and goes along the following lines. The 
carbon atom, in its ground state, has one as, and three ap atomic orbitals 
available for bond formation, and the hydrogen atom has, of course, only a 
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Fig. j{b). — Showing the as, 2p„, 
2pf, 2pg, atomic orbitals of 
the C atom. 


IS orbital. When methylene is formed the orbitals available for bond forma- 
tion are determined by the S3mimetry of this compound. There axe only 
two possible structures for methylene (a) angular symmetric belonging to 
point group ; (&) linear symmetric belonging to point group Dqo h. 
The angular symmetric form (C,,) gives rise to the singlet state. The 
character table for group is shown above (Table I). Suppose we 
choose our co-ordinates as shown in Fig. i(a) and then inquire how the 
2s, 2p^ 2p,, 2p„ atomic orbitals of the carbon atom behave under the 
operations of this group, i.e. we determine to which irreducible repre- 
sentation the various orbitals belong. This is important for it can be 

“ Mulliken, Physic. Rev., 1932, 41, 751. 

Lennard- Jones, Trans. Faraday Soc., 1934, 30, 70. 
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shown that when a bond is formed hybridisation can only occur between 
orbitals belonging to the same irreducible representation of the symmetry 
group of the resultir^ molecule. 

The 2s orbital of the carbon atom is spherically symmetrical and so 
obviously belongs to representation Ai. We s h all represent the sym- 
metry of the molecular orbital by small letters, hence we say that this 
orbit^ has symmetry a^. Of the three 2p atomic orbitals of the carbon 
atom it is easily seen that they have the following symmetries, 2^, b^, 

2py b^ 2p, fli- Since the 2s and 2py orbit^s belong to the same 
representation, Oi, hybridisation is possible when methylene with sym- 
metry Cj, is formed, i.e. in the M , or singlet state. 

‘Ihe operations of rotation and reflection of this group turn one hydrogen 
atom into the other ; and it is, therefore, necessary to take linear com- 
bmations of these two hydrogen orbitals. It can be shown by forming 
the direct products i^at the proper combinations are = Hb. 

The former belongs to class Oi while the latter belongs to class b^. The 
Oi orbitals are of two types which we diall call (ai)i and (aj,. Hence 
the following molecular orbitals are possible when methylene in the Ai 
state is formed : — 

(ai)i = a{2s) 6(H^ -h Hb) = c{2p,) 

(6.) =d(2^.) 4 -s{H^-Hb) 

(«i)2 = fi^P,) + ^{Ha + Hb) + hizs). 

According to Mulliken and Lennard-Jones the C — ^H binding is governed 
by all th^ orbitals. 

Dr. A. D. Walsh (Cambridge) (communicated) : It is clearly of the 
utmost importance to be sure of the origin of the sodium excitation 
energy in toe experiments of Bawn and his collaborators : for the inter- 
pretation given by Bawn has a direct bearing on the structure of the 
methylene radical. Can we completely rule out the possibility that this 
excitation energy comes from the recombination of CH, radicals to give 
C H ? 

CH, + CH, -I- Na = CjH* + Na*. . . . (i) 

The energy available is of course ample. Moreover, we need not suppose 
a triple collision (which has the obj^^tions already pointed out by Bawn 
and Dunning ”) in the simplest sense. If two CH, radicals combine, the 
resulting C,!!, (even though excessively energy-rich) may have an ap- 
preciable life simply through some of its energy of formation passing into 
vibrational degrees of freedom and an appreciable time may e^pse before 
the molecule again assumes the phase in which all the energy is available 
for decomposition. Minkofi h^ described a similar process in the forma- 
tion of energy-rich HOji, so that toe reaction 

H -f- O, -I- M = HO, + M* . . . (2) 

commonly accepted as occurring in the H,— O, reaction, need not involve 
a triple collision in the ordinal sense. Certainly, if eneigy-rich CgiH^ 
is formed, it seems plausible that it should be capable of transferring 
energy to a sodium atom on collision for it has been shown that the 
reverse process occurs reatoly. Evidently the relevant potential-energy 
surfaces axe such that crossing is quite possible. On the other hand, 
the comparatively small radius of cross-section found for the quenching 
by C,H, of sodium resmrance radiation, means that transfer of energy 
from an eneigy-iich C^, molecule (in contrast to to a sodium atom 
is hardly Hkdy to occur. Ilms the objection to (i) that 

CH, + CH, + Na = C JI, -H Na* . . . (3) 

Bawn and thuming, Trans. Faraday Soc., 1939, 35, 185. 

Minkoff, this Discuisioii. 

** Norrish and Smith, Proc. Roy. Soc. A, 1940. 295. 
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does not occur hardly has much force. Energy transfers are highly 
specific and the clue to their likelihood -with sodium may well be found in 
the converse experiments on quenching of sodium radiation. 

Dr. C. E. H. Bawn (Bristol) said : Dr. Walsh has suggested that the 
triple-body collision process, CH, -|- CH, -\- Na -*■ CjH* + Na*, which 
was ruled out owing to its infrequency, might be replaced by the two-stage 
process 

CH, -f CHa=CH,* . . . (I) 

CH,= CH,* + Na -► Na* + CH,=CH, . . (2) 

in which energy-rich ethylene molecule may transfer its energy to a sodium 
atom. Assuming that (i) is possible, experiment and theory show that 
reactions of this type do not occur at every collision but have an appre- 
ciable steric factor. Under our experimental conditions, in which the 
total pressure was o*ooi to o-oi mm., the mcan-free-path of the CH, 
formed is of the order of the diameter of the reaction vessel and collisions 
leading to association would be extremely infrequent. The association 
reaction would most probably be a wall reaction, since other evidence 
indicates a high accommodation coefficient for CH,, and under these con- 
ditions the excitation energy would be lost. The same argument applies 
to the second stage of the reaction and, oven if we assume CH,=CH,* of long 
life, the energy exchange would be a very improbable process, owing to 
the very high frequency of wall collisions (pressure Na = io“* mm.). 

I agree tiiat further information as to the nature of the enorgy-ricli 
particle leading to D-line emission, viz. whether Na* or NaBr*, could be 
obtained from quenching measurements, and th-ia was the method origin- 
ally used with Na-halogen fiames to prove that the energy-transfer agent 
was NaHal*. 

The absence of luminescence in reactions giving a monoradical (R) is of 
greater significance than is assumed by Dr. Walsh. In no case has lumin- 
escence bron observed with associations of the type R -f R -[- Na 
R — R + Na*, and a very large number (> 50) of radical ty^ have been 
studied, including those containing double bonds. 

Dr. B. W. R. Steade (Ottawa) said : In connection with Fart II of 
the paper of Hinshelwood et cH. the results are in agreement with earlier 
inv^tigations which indicated that the frequency factors remain ap- 
proximately constant down the series, while the activation energy falls 
ofE to about Q and then remains vitally constant. If the relatively 
small inhibition by NO is taken at its face value, then the results for the 
uninhibited reaction are not much afiected by chain processes. However, 
the falling-off in rate at low pressures for, say, »-bufane is much too largo 
for so complex a molecule, and would certainly indicate the “ freezing 
of most of the degrees of freodom. It seems to me, however, that there 
is considerable doubt if maximum inhibition really corresponds to the 
complete suppression of chains. In the case of n-butane there are throe 
possible modes of decomposition ; to C^H, -(- H„ C,H, -j- CH„ and 
-f- C,H,. The products indicate that ^ thi^ occur. However, 
it is known that the products of the NO-inhibited reaction axe identical 
with those of the uninhibited reaction. If the inhibited reaction is dbain- 
free then the chain process and the non-chain processes mnst fortuitously 
lecid to the same very complex mixture of products. It seems to me, 
therefore, most unlikely that the maximally reactions are simple 

unimolecular changes. 

Dr. W. A. Waters (Oxfard) said : The work of CuUis and Hinshelwood 
has indicated that the active peroxides involved in the vapour-phase 
oxidation of hydrocarbons undergo two types of breakdown. Ihey may 
either give inactive prodnets, or, alternatively, may split to two active 
produefa which cause chain-branching. In this connection the outcome 


Steacie and Folkina, Can. J. Ras., B, 1940, 18, i. 
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of thfi study of the liquid-phase o}ddatioa of tetraJiu by Dr. A. Robertson 
and myself is cogent. This first gives tetralin hydroperoxide, and we 
have shown that although the decomposition of this hydroperoxide in 
solution IS substantially of first order, corresponding to the simple fission, 
r/'CH— O— OH -> + 'OH, only about 50 % of the radicals 

R"CH — O* and *OH appear to get *' free ” enough to react with adjacent 
solvent molecules by reactions of the general type, 

RO* 4 - H— X -> R— O— H -f 'X. 


The remainder of the decomposition can be accounted for by the chain- 
breaking process R"CH — O* -1- "OH -► R"C=0 -f- HjO between radicals 
which Imve not had time to separate. 

Prof. Hinshelwood has stressed the point that gas-phase oxidations 
occur much more easily with normal paraffins than with branched-chain 
parafiGms. Liquid-phase autoxidation gives exactly the opposite order 
of stability. However, these studies deal with peroxide formation rather 
than peroxide breakdown, and the j^cilitation of the complete vapour- 
phase oxidation may be due to the fe.ct that secondary hydroperoxides, 
from normal paraffins, are much less stable than tertiary hydroperoxides, 
which would be formed from branched-chain paraffins. 

Prof. Sir A. C. Bgerton (London) said : Prof. EKnshelwood’s contribution 
on " The kinetics of hydrocarbon reactions '* is of much interest to me : 
particularly because of the work done in my department at the Imperial 
College by Dr. Harris and Dr. Young on the slow oxidation of butane 
and of propane. The main feature of that work was the analysis of the 
products of combustion at various stages of the oxidation by boih chemical 
and absorption spectra methods. In all such work, I do not think we 
shall be on sure ground until the experimental facts are more definite, 
and our efforts on resuming such work are directed towards improving 
methods for the analysis of peroxides and aldehydes where they are 
present together in the products, as indeed they usually are. We find 
that aldehydes interfere with the determination of peroxides j for in- 
stance, for a quantity of aldehyde equal to that of ethyl hydrogen peroxide, 
59 % amount of peroxide is obtained using the KI method 

(even with catalyst present). The dialkyl ;^roxides are psuticularly 
difficult to determine and the result of analysis is very sensitive to the 


quantity of iron catalyst needed to liberate iodine from the KI. 

With the general scheme of oxidation and the importance of the alkyl 

RC— 0-0* 


peroxide radical (R — O — O’) and the radical 


from aldehydic 


oxidation, our work is in agreement, except that it seems to indicate a 
greater influence of the aldehyde (other than formaldehyde). The 
statement that methane gives rise to no peroxides is also not in agreement 
with certain experiments we have made, for, under certain circumstances, 
peroxides are formed during the oxidation of methane. 

Anyone who bjm worked on the combustion of gases cannot otherwise 
than be impressed by the underlying similarity in their combustion 
behaviour, and it seems to me the underlying mechanism must be similar. 
The mechanism for hydrogen, for instance, has a close relation in forming 
the radical HOt with that of the hydrocarbons in forming such radicals 
as RO,. 

A molecule of a higher hydrocarbon when oxidised has to be stripped 
or “ unravelled ” so to speak. After the first few steps which give the 
peroxide radicals, that unrav^ng may be very rapid owu^ to the drastic 
decompoaitlan of the peroxides (which may not exist as such for any 
awredahle time) into simple coxistitaents, CsHgOH, CH,CHO, CH 4 , CX>, 
CH,0, H,0, ecc. 

We are mctending tiie studies of peroxide decomposition which Dr. 
Harris began : Dr. Emte has succeed^ in making n-butyl peroxide and 
we are hoofing to study its decompc^tion. 
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Mr. C. P. GuUis {Oxford} {communicated) : Prof. Egerton has pointed 
out that the results reported in our paper in regard to the influence of 
higher aldehydes on parafBn oxidation are in direct contrast to those 
obtained by him and his co-workas. Thus, for example, Pidgeon and 
Egerton found that addition of valeric aldehyde decreased the induction 
period of pentane, whereas in our work neither acetaldehyde nor propionic 
aldehyde exerted any appreciable accelerating eflect on the oxidation of 
this hydrocarbon. It is suggested that these diflerences may be explained 
in the following way. 

At the comparatively low temperatures employed, aldehyde pyrolysis 
is normally negligible, but it is very markedly catalysed by the presence 
of oxygen. Ibe accelerating influence of aldehydes may ther^ore be 
attributable to their decomposition reinforcing the normal supply of free 
radicals. If this is the case, the observed eflect would presumably depend 
largely on the nature of the added aldehyde, this influence being deter- 
mined by the length of the unbranched carbon chain in the free radical 
produced. Thus valeric aldehyde might be expected to yield peroxides 
of high reactivity under conditions where pentane oxidises rapidly, whereas 
the lower aldehydes would form peroxides which are comparatively stable 
at the temperatures concerned. 

Dr. G. J. Mlnkoff {London) {partly communicated) : In the initiation 
step of hydrocarbon combustion sugg^ed by Prof. Hktshelwood 

(RH + O, R* -H HO„ R- + Og ROO*, ROO* + RH -► ROOH -f- R*), 

HOa and R* are formed by the action of Og on the hydrocarbon molecule. 
The fate of the HOg will 
probably be to emerge, 
partly at least, as HgOg ; 
the radical R* will now 
compete with the mole- 
cule RH for the remain- 
ing oxygen, the greater 
psut of the oxygen now 
combining with the radi- 
cal R- to give a peroxide 
radical and eventually an 
alkyl peroxide. During 
the initial stages of the 
oxidation, we should ex- 
pect to find that the % HgOg in the total peroxides found decreases as the 
reaction proceeds, or, for equal times of reemtion, as the oxygen content of 
the mixture is increased. If the initifition is mainly due to hydroxyl 
radicals, water will be formed, and the peroxides found will contain litiie 
or no HgOg. These fewtors have been mvestigated by Kooijman,** who 
studied the peroxides formed when diflerent propane-oxygen mixtui^ were 
heated to diflerent temperatures for a time of 4 sec. The table above has 
been computed from his data. 

It can be seen from these results that at temperatures above 410° c., 
the criterion of initial attack by O, is fulfilled ; below this temperature, 
a large pre^rtion of oxygen must be present before HgOg is found in 
the reaction product ; it follows that at temperatures below ca. 400° c., 
another mode of initiation, presumably by OH, is of major importance 
in the oxidation of propane. These hydroxyl radicals may be formed 
from the decomposition of a few molecules of alkyl peroxides produced 
through initial attack by Og, this process being so inel&cient under these 
conditions as to become swamp^ by the *' h3rdroxyl process ". No 

n Cullis and Hinshelwood, this Discussion, p. xi6. 

“ Pidgeon and Egerton, /. Chem. Soc., 1932, C61. 

** Eooijman, Dissertation (Delft, 1942). 
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evidence is a\'ailable for the combustion of higher hydrocarbons ; it 
may be inferred, however, that molecules containing a greater numl^r 
of more vulnerable secondary C — bonds will be rather more easily 
attacked by oxygen molecules, so that initiation by O* will become more 
important at lower temperatures as the hydrocarbon chain-length increases. 

Prof. A. R. Ubbelohde (Belfast) said : With regard to ^e papers of 
Hinshelwood and colleagues, it is not evident that we can dismiss ihe role 
of vibrational energy in determining the effect of the size of the molecule 
on the course of hydrocarbon oxidation, without careful consideration. 
Vibrational energy does not necessarily affect pyTol3^ in the same way 
as it affects oxidations. It must be remembered that the controUmg 
steps need not be the same in these reactions. Pyrolysis probably in- 
volves the breakage of a C — C link. In the case of oxidation of hydro- 
carbons the attack appears to predominate at the end of the molecule 
and probably involves activation of a C — link in the first instance. 
Hydrocarbon oxidation involves a number of steps which might be con- 
trolled by the vibrational energy of the hydrocarbon molecules. By way 
of illustration we can consider three of these. 

(1) Initiation — ^i.e. formation of a free hydrocarbon radical by removal 
of a H atom : 

R— CHa + X — ► R— CH,— -f XH; 

X may be an 0 ^ molecule but other molecules or radicals may also be 
effective in certain cases. 

(2) " Quanium-smudging." 

R— CHa— f- O, — 3 ^ R— CH,— O— Q— . 

The " molecule " formed in this process will not normally be strictly 
quantised and will fly apart after a greater or leaser interval unless it is 
stabilised by collisions in the meantime. 

(3) Chain branching by breaking O — O link in peroxides, e.g. 

R_CHa— 0-|-0H ► R— CHa— O + OH. ‘ 

With regard to the effect of vibrational energy on these three steps, 
the general factor to be considered is that, if we start with ethane as tiie 
simplest representative of the w-parafBns, and increase the chain length 
by attaching methylene groups, we shall thereby introduce the possibihty 
of coupled vibrations in the molecule with fluencies of lower wave 
number the ethane C — C vibration.** These vibrations extend 

throughout the carbon chain, but the coupling of additionsd methylene 
groups will not necessarily have much effect on C — ^H mbrations be^^e 
of the difference in frequencies between C — C and C — ^H. Thus increasing 
the general length of tiie molecule and thereby lowering the wave numl^r 
of the lowest vibrational frequency may be expected to influence primarily 
the reaction steps which involve th^ frequencies. The first step above, 
which involves a C— H bond activation, will probably not be very largely 
affected. 

The second step, " quantum-smudging ", will be favoured by an m- 
cr«aed range of vibrational frequencies. The feature here is the temporary 
existence of an incompletely quantised molecule formed by lanary col- 
lisions. Broadly spealUng, Ihe more frequencies available in the molecule, 
the longer the life before it breaks up again. 

Wilh regard to the third step, if Ihe vibrational frequency of the 
bond is sufBciently close to those of the hydrocarbon chain, the coupling 
of the O — O bond with these vitantions generally will facilii»te a^vation 
involving the breaking of *hia bond. But if it differs subst antially , the 

“ Cf, Ubbelohde, Proc. Roy. Soc. A, 1935, I 5 »» 363, and published data on 
infrEL-red and Raman spectra. 
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O O bridge will act like a double bond -• which, ^vill not allow the vibra- 

tions to pass freely across it. Measurements of the activation energy 
involved in the p3TOlysis of »*-dialliyl peroxides should give useful information 
on tliia point. 

Dr. P. Goldfinger {Brussels and Nancy) said : It seems not to have been 
sufficiently emphEisised that Mr. Partii^on has found 98 % inhibition 
of the pyrolysis of ethane and 87 % in the case of propane. These seem 
to be about the highest figures reported hitherto on NO inhibition. We 
must admit therefore, that ai least some part of these reactions follows a 
f>>a.in mechanism. Now in the case of butane Steacie has argued that 
Qin/v^ the composition of the pyrolysis products, within the limits of error, 
are the same for the inhibited and uninhibited reaction, it is difficult to 
conceive two different mechanisms for them. The analysis of the de- 
composition products of the inhibited and uninhibited reactions in different 
c as e" will be therefore of great interest. It is conceivable that a partly 
inhibited chain reaction would give different products from those of an 
Tininhibited reaction but it would be difficult to understand how the same 
products could originate from diffcrmit mechanisms. 

On the other h^d according to Partington the order of the reaction 
for «-hcxane (at 530“ c., from 25 to 220 mm.) and for cyclohexane (at 
550° c., from 25 to 215 mm.) is i-o in the absence, and 1*5 in the presence, 
of NO. This is exactly what must be expected from Rice-Hcrzfeld- 
type mechanisms, as may be seen from general schemes worked out by 
Goldfinger, Letort and Nidause,^* for a chain reaction in which the principal 
r.hain rupture is a collision of two radicals with a third body, which is in 
one case the primary product (first order) and in the other, an added sub- 
stance as NO (i*5th order). 

Dr. O. H. Bamford {Maidenhead) said : Unpublished experiments by 
Mrs. Bamford have shown that when mixtures of hydrogen, mercury 
vapour, and propylene are irradiated by mercury resonance radiation 
the following reactions occur : 

Hg (6»P) H, 2H -f Hg (6^5) . . . (1) 

H -t- C,H, C,H, (2) 

DsH 7 -|- Hg ^ CgH^Hg, . , . • (3) 

The equilibrium in (3) lies weU over to the 
right at 20® c. The attack of propyl radicals 
on mercury will bo a very serious disturbing 
factor in Robb and Melville's experiments, 
since the removal of mercury atoms will re- 
duce the rate of formation of atomic hydro- 
gen. That there is in fact a large decrease 
in the concentration of free mercury atoms 
on the admission of small quantities of pro- 
pylene to an irradiated mixture of hydrogen and mercury is shown by the 
feffiowing figures. The % absorption of 2537 a. is an indication of the 
concentration of mercury vapour. 

Incident intensity : 1*55 x 10^* quanta/cm*. /sec 
Initial (Hgl : 5 X io“* mm. 

(Hg) : 10 mm. 

Thus the addition of 0*25 mm. CgHg is sufficient to cut dovm the rate of 
production of hydrogen atoms by a factor of 3-5. In Robb and Melville's 
experiments the times taken in a typical run for the MoOg to reach a 
standard blueness were in the ratio 2 ; i (with and without CgHg). It 

** Ubbelohrtc, loc. at., -o, 3(18. 

• ” Atomic and Free Rauical Reaettons (Now York, iy.j()). 

** I’nvalc commiinicalioii. 

*• V. Ilenri Mcnuynal Vol. (Li«?ge) (m presh). 
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is clear that the above effect alone is capable of accounting for a good 
deal of this, and the calculated velocity constants are too high. 

The presence of liquid mercury in the reaction vessel 'was found to 
have little effect, on account of the slow diffusion of the -vrapour. 

Prof. H. W. Melville and Mr. J. G. Robb (Aberdeen) (communicated) : 
In reply to Dr. Bamford, who suggests that the observed diminution in 
hydrogen atom concentration in presence of added propylene is due to a 
reversible reaction, 

Hg + C,H,^HgC,H„ 

reducing the rate of generation of atomic hydrogen and that no hydro- 
genation of the propylene occurs, we -wish to make the following observa- 
tions although his experimental methods and results are at the moment 
unpublished and unlmown to us. We can thus make no comment on 
his results. 

Referring to our paper, it is sho'wn in Tables II and III that estimates 
of the collision efficiency of the reaction 

agree -well although measured in 'two different wa}rs. Table III gives 
results based on the amount of atomic hydrogen reaching the molybdenum 
oxide plate (a) in absence of propylene and (b) in presence of propylene. 
Table II is based, on the other hand, on -the actual number of propylene 
molecules hydrogenated in -the system. This entirdly disproves the 
above criticism and it can be said with certainty that the h3rdrogen atoms 
are utilised in a h3rdrogenation reaction. 

However, the point raised by Bamford is not entirely without in-terest 
since we have observed that in a system containing a limited amount of 
mercury, a dean-up of the mercTiry vapour is eventually accomplished by 
butyl radicals and it seems -to us 'that this dean-up is probably due to 
the formation of 'the mercury dialkyl, although *the concentration of the 
dialkyl would be so low as to make its detection practically impossible. 
The reaction products have a smell rather chamcteristic of mercury 
dialkyls. 

We wish to take this opportunity to suggest an explanation of a 
phenomenon reported by Yanhaeren and J ungers. ’o In their investigations 
on -the h3rdrogenation of ethylene and propylene photosensitis^ by 
mercury -vapour, it is reported that at room temperature and in presence 
of only a saturation measure of mercury -vapour, the reaction of hydrogen 
atoms with the olefine is much slower than at higher -temperatures. 
Further, if mercury -vapour is present in the reaction vessel and also 
liquid mercury, then -the rate at low temperatures and high temperatures 
is the same. We would suggest the following explanation. 

Tha equilibrium reactions mentioned above occur at low temperatures, 
the complex formed becoming more unstable at higher temperatures, 
thus accotmting for the slower rate of reaction at low t^peratures by the 
mercury vapour removed. When liquid mercury is present, however, 
-the normal rate conditions are restored since the rate of e-vaporation of 
mercury from the droplets is quite sufficient to maintain the normal 
saturate -vapour pressure. 

In all our experiments, liquid mercury was present and the pressures 
employed by us -were -very much lower than those in -the paper quoted, 
and diffusion effects of mercury would be neghgible. Further, it is a 
feature of our in-vestigations that only a -very low quantum input is 
required to the reaction vessd and the stotionary concentrations of atomic 
hydn^en and free alkyl radicals is so low that the amount of mercury 
which coffid be remove by such an equilibiimn would be -very smalL 

Dr. G. H. Bamford (Maidenhead (communicated) : Prof. Melville and 
Mr. Robb ha-ve missed the point of my remarks in -the first part of their 

•» Butt. Soc. Chim. Belg., 1945, 54, 236. 
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statement. I did not suggest that " no hydrogenation of propylene by 
hydrogen atoms occurs ” in their experiments, since the formation of 
propyl radicals from propylene is a hydrogenation (eqn. (2)). My point 
was that when propylene is added to an irradiated mixture of hydrogen 
and mercury vapour the stationary concentration of hydrogen atoms 
falls for two reasons : (i) the reaction between hydrogen atoms and the 
olefine, and (2) the attack of the resulting radicals on mercury, which 
results in a reduction of the quantum input, and the rate of formation of 
hydrogen atoms. In our experience, (2) is at least as important as (i) 
under conditions similar to Robb and Melville’s. The sum of the two 
effects is measured in their experiments. The agreement between the 
results in Tables II and III in Robb and Melville’s paper is not significant, 
and has no bearing on my oiiginskl criticism. In twih cases the quantum 
input as measured in the absence of olefine was too high. 

The results of Vanhaeren and Jungers certainly show that when liquid 
mercury is present and suitably distributed over the walls of the reaction 
vessel, sufficient vapour is present (not necessarily uniformly distributed) 
to absorb most of the incident light. On the other hand, our results 
indicate that when liquid mercury is present only in the lower portion of 
the vessel the rate of evaporation is not great enough to maintain satura- 
tion pressure. Melville and Robb’s resffits are significant only if their 
reaction vessel contaiued a uniform pressure of mercury vapour. Whether 
or not this was so depends on the distribution of liquids in the vessel. 
Since there is no mention in the original paper of the presence of liquid 
mercury it is not profitable to discuss the matter further. 

Dr. G. A. McDowell and Mr. J. H. Thomas {Liverpool) (cotnmuMicated ) : 
We should like to mention that our recent investigation of the low-tem- 
perature oxidation of gaseous acetaldehyde when peractetic acid is the 
main product, leads us to postulate an initiation process which is analogous 
to that put forward by l 4 of. Hinshelwood and his collaborators, namely. 


CHjCHO + O, ► 

CHaCO* + O, — »■ 


✓OO- 

CH, . C -f CH. . CHO ► 

\o 


CH, . CO* + HO, . 

✓OO* 

CH, . C . . 

So 

/OOH 

CH, . C + CH, . CO* 

So 


(1) 

( 2 ) 


{3) 


B.— OTHER RADICALS. 

THE EXISTENCE OF THE RADICAL HO, IN THE 

GAS PHASE. 

By G. J. Minkoff. 

Received 30/A July, 1947. 

Since Haber ^ first suggested that the radical HO, might be involved 
in the reaction between hydrogen and oxygen, HO, has been postulated 
as an intermediate in many gas-phase reactions. The existence of the 
radicsd is supported by considerable chemical evidence and by some 
theoretical discussion (see, e.g. Hinshelwood and WilUamson,* Bates,^ 

^ Haber, Naiurwiss., 1931, 19, 450. 

*Hjnjffidwood and Williamson, The Reaction between Hydrogen and Oxygen 

(Oxford, 1934 )- 

* Bates, /. Chem. Physics, 1933, i, 457 ; Z. physik. Chem., B, 1933, 469. 
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Kassel,* Weiss,® and Gaydon •). The phj'sical evidence is negligible. 
In this communication, it is intended to review briefly the chemical 
evidence and to present some theoretical support for the existence of HO|. 

The reaction between hydrogen and oxygen in the presence of u.-v. 
light (whether sensitised by mercury or not), was shown by Bates and 
Salley ’ to lead almost exclusively to the formation of HjOg ; this con- 
flrmed the mechanisms of Marshall® and of Kistiakowsky,® who had found 
quantum yields > i in similar investigations. The chain reactions 
postulated were 

H + O, -»■ HOj 
HO, + H, -1- H,0, + H. 

In view of later work (see below) the first reaction should be modified to 
include collision with a third-body, except in special circumstances. For 
conditions near to room temperature and pressure, the second reaction is 
open to some doubt, since in the thermal combination of hydrogen and 
oxygen (above 450° c.), the second pressure limit is explained in terms of 
the removal of the cliain-canying hydrogen atoms by their association 
with oxygen molecules. The nirther reactions of the HO, so formed are 
not sufficiently rapid for the expk^ion-chain to be continued. This is 
in marked contrast to the photo^emical reaction in which (according to 
Bates’ scheme), practically every HO, should react with H, to give H, 0 ,. 
Smith and Napra\'nik have pointed out that the reaction is energetically 
improbable at room temperature, and suggest 

2 HO, “+• H 2 O, -|- O, 

as an altemaLive mechanism. The reaction 

HO, + H H, 0 , 

may also be important, if the energy of this reaction is removed by collision 
before the peroxide is disrupted. 

The gas-phase reaction of hydrogen and oxygen above 400° c. provides 
stronger evidence for the existence of HO,. The low-pressure explosion 
of mbdmres of hydrogen and oxygen is described by t^ following chain 
mechanism : 

H -i- O, OH -i- O, 

O + H, OH -F H, 

OH -f H, H ,0 + H, 

When the pressure is above a critical value, the gas mixture no longer 
explodes, but reacts at a measurable rate. There is much evidence W 
believiag that this phenomenon is due to the number of H atoms which 
react with oxygen molecules in termolecular collisions. The HO, radicals 
so formed react too slowly to continue the explosion chain. The HO, 
radicals can be destroyed on the vessel walls or they can react with one 
another or with hydrogen. Most of the known experimental facts relating 
to the hydrogen-oxygen reaction have been explained on the basis of the 
above scheme by IBnshelwood and by Lewis and von Elbe.^^ 

Geib and Harteck ** have studied the reaction of hydrogen atoms with 

* Kassel, Annual Sttrvey of American Chemistry, VIII (N.Y., 1933), p. 27. 

■ Weiss, Trans. Faraday Soc., 1935, 3 *» ^6®- 

' Gaydon, Spectroscopy and Co^usHon Theory (Chapman and Hall, 1942), 

p. 1 12. 

' Bates and Salley. J. Amer. Chem. Soc., 1933, 55, no. 

•Maishall, /. Physic. Chem., 1926, 30, 34, 1078; J. Amer. Chem. Soc., 1932, 
54, 4460. 

■Kistiakowsky, ibid., 1930, 53, rS68. 

10 Smith and Napravnik, ibid., 1940, 62, 383. 

^ Hinshd.wood, Proc. Roy. Soc., A, X946, x88, z; Lewis and von Elbe, 
J, Chem. Physics, 1942, 10, 366. 

“ Geib and Harteck, Ber., 1932, 65, 1551- 
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oxygen moleciiles at low temperatures and pressures. As the tem- 
perature of reaction decreased, so the product tended more nearly to 
100 % H, 0 ,. This was explained by the effect of the lower temperature 
which favoured the tormolecular processes : 

H 4- O, 4- M HO, 4 - M 
HO, 4- H 4- M H,0, 4- M, 
against the bimolecular exchange reaction 

H 4. O, -► OH 4- O. 

which requires more activation energy. Farkas and Sachsse studied 
the recombination of hydrogen atoms ; they foimd that at pressures above 
200 mm., their results were consistent with the hypothesis that H atoms 
reacted with O, to give HO, in termolecular collisions. Rodebush^* 
reached a similar conclusion as a result of work on the reactions of hydrogen 
atoms with oxygen at mudx lower pressures ; under these conditions, the 
bimolecular exchange reaction, H 4- O, -> OH 4 - O, was the more im- 
portant. The reaction of hydrogen with chlorine was found by Bodenstein 
and Schenk to be inhibited by oxygen. Their results were said to in- 
dicate that this inhibition was due to removal of H atoms by and that 
the HO, radicals were formed in termolecular collisions. Elassel *■ sug- 
gested in 1933 that their evidence was not conclusive, and referred to the 
work of Norrish and Ritchie, These authors investigated the problem 
more fully than did Bodenstein and Schenk ; they derived expressions in 
good agreement with their experimental results relating quantum yields 
to concentrations of the reachmts. Their reaction mechanism involved 
the formation of HO, in bimolecular collisions. Closer inspection shows 
that their results are also satisfactorily interpreted by a mechanism ac- 
cording to which the HO, is formed in termolecular reactions. This is 
supported by the work of Rodebush and Klingenhoefer,*’ who found that 
at low pressure, oxygen had no effect on the quantum yield. This is in 
accord with the view that under these conditions, termolecular collisions 
are very rare, so that the reaction, 

H 4- O, 4- M HO, 4 - M, 

would no longer be efOLdent in reducing the quantum yield. Ritchie 
later showed that the reaction was termolecular; he also investigated 
the effects of different inert gases in stabilising HO,. 

Studies of the photo-oxidation of HI have also yielded information 
regarding the radical HO,. Kondratiew and KondratLewa showed 
that the reaction proceeded through the formation of HO„ which sub- 
s^uently oxidised the HI. They pointed out that the radical need not 
dissociate immediately through retaining its energy of formation if this 
energy could be shai^ with vibrational degrees of freedom. Cook and 
Bat^ *0 obtained evidence from studies of the kinetic progress of the 
oxidation of HI which enabled a decision to be made as to whether the 
formation of HO, (at pressures above 15 cm.) was due to bi- or ter-molecular. 
reactions. The results showed that the reaction was in fact termolecular. 
The reaction appeared to proceed in approximately one out of two, or 
three, collisions, which suggested a low activation energy, in good agree- 
ment with the results of Bodenstein and Schenk^* and of Farkas and 
Sachsse.^* Bates calculated that the lifetime of the HO, was of the order 
of io“* sec. 

“ Farkas and Sachsse, Physik. Chem., B, r934, * 7 » m- 
Rodebush, J. Physic. Cham., xg^7, 41, 283. 

Bodenstein and Schenk, Z. Physik. Chem., B, 1933. ao, 420. 

w Norrish and Ritchie, Proc. Roy. Soc., A, 1933, 140, 713. 

” Rodebush and Klingenhoefer, J. Amer. Ch^. Soc., r933, 55, 130. 

Ritchie, J. Cham. Soc., 1937, 857. 

“ Kondratiew and Kondratiewa, J. Physic. Cham., UJi.S.S., 1934, 5, 1411. 

•“ Cook and Bates. J. Amer. Cham. Soc,, 1935, 57, X775. 
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Pli3raical evidence for the existence of HO| is very meagre. Chara 
claims that after water vapour had been passed through an electodeless 
discharge and than into a trap at — i8o® c., the solid product obtained had 
a formula of H1O4. This result does not agree with that of Campbell 
and Rodebush,** who found, in similar experiments, that the products 
were HjO and HtO,. Eisenhut •* applied the mass-spectrographic te^- 
nique to a mixture of CH4 and oxygen. Amongst other lines, a faint line 
appeared which Hinshdwood and Williamson • ascribed to HOi. The 
line, however, corresponds to a mass of 34, and so is probably due to 
Oi«oi», rather than to HO,, which has a mass of 33. No spectroscopic 
data has yet been reported which indicates the existence of HO,. This 
may possibly be due, not to the absence of HO„ but either to the fact 
that its concentration may be too small to be detected spectroscopically, 
or that its spectrum is situated unfavourably for observation. 

It was at one time believed that the product of a bimolecular associ- 
ation would decompose unless collision occurred with some molecule which 
would remove a large part of the energy of formation of the new molecule. 
This energy would otherwise cause violent vibration, and eventual rapture, 
of the newly-formed bond. However, as Kassel** pointed out in 1931, 
the time before rapture occurred could be increased to some extmit if the 
energy of formation was shared with other vibrational degrees of freedom. 
The lifetime of the new molecule might now be sufficient for the molecule 
to collide with another molecule, and so become stabilised through the 
loss of some of the energfy of formation. An actual illustration of the 
effect is provided by the following step in the oxidation of a hydrocarbon 
RH (R l^ing an aliphatic radical) : 

Early work on the oxidation of higher hydrocarbons by Egerton ^d 
Fidgeon •• and others had led to the peroxidation view of the combustion 
process, as a result of which Ubbelohde “ first postulated the mechanism 
involving the radical RO,. The large number of vibrational degrees of 
freedom in radical can accommodate most of the energy of formation ; 
the reaction can therefore occur as a bimolecular process suf&ciently 
frequently to have been generally accepted as an essential step in the 
reaction mechanism (see, e.g. Geo^e and Rideal,*’ and Walsh *•). 

The problem was considered in the light of the quantum theory by 
Rosen, •• at the suggestion of Prof. Bates. By making certain assumptions 
(amongst them, a linear structure of the radical), Rosen was able to show 
that an HO, molecule formed by a bimolecular association would be 
stabilised by the conversion of the energy of formation into vibrational 
energy. He calculated that if a certain vibrational quantum number of 
the molecule had values 1, 2, 3 or 4, the corresponding lifetimes of the 
molecule would be of the order of 5 X io“*‘, 5 x lo”**, 5 X 10-**, or 
2*5 X io~* sec. respectively. Experimental evidence has recently ^en 
obtained by Egerton and hCnkoff,*® which supports the above conclusions. 
Hydrogen peroxide was obtaiaed in low-pressure explosions of hydrogen- 
oxygen mixtures. A part of this peroxide was form^ on the cooled walls 
(at — 180® c.) by the recombination of OH radicals ; the r em ai n der yms 
formed in the gas phase, whether the walls were cooled or not. The 3dfild 

Chara, J. Chem. Soc., Japan, 1940, 61, 569. 

»• Campbell and Rodebush, J. Chem. Physics, 1936, 4, 293. 

« Eisenhut, Z. EUMrochem., 1930, 36, 656. 

H Kassel, J. Amer. Chem. Soe., i93it 53f 2i43- 
“ Egerton and Pidgeon, Proc. Roy. Soc., A, I933t *4*1 
•* Ubbelohde, ibid., 1935, 15a, 354. 

** George and Rideal, ibid., 1946, 185, 288. 

*■ Wal&, Trans. Faraday Soc., 1946, 43, 269. 

•• Rosen, /. Chem. Physics, 1933, i, 319. 

Egerton and Mihkos, Proc. Roy. Soc., A (in press). 
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of peroxide was a maximum at a pressure of 4 cm. Hg, and decreased when 
the pressure was either increased or decreased. There seemed only one 
way of explaining these results without contradicting the established 
theories of the hydrogen-oxygen reaction outlined above. At very low 
pressures, the time between collisions is greater than the lifetime of un- 
stabilised HOi ; at such pressures, there will effectively be no HO, present, 
and no peroxide will be formed. At rather higher pressures, collisions 
are more frequent, and the time between them may now be such that the 
HO, radical (stabilised according to the above process) undergoes several 
coU^ions in the course of its ^culated lifetime. The HO, retains its 
energy of formation, and can use this, in collisions with H,, for the reaction 

HO, -t- H, H, 0 , -1- H 

to occur frequently. The peroxide carries off some of the energy, and 
decomposes unless it is frozen on cold walls. The infra-red spectrum is 
shortly to be investigated in order to find, amongst other information, 
whether the peroxide carries off this energy as vibrational energy. At 
higher pressures still, when the HO, is formed mainly in termolecular 
collisions and does not possess its energy of formation, it can only react 
infrequently with H„ so that the 3rield of peroxide is smaller. 

Dainton and Norrish studied the more complex problem of the ex- 
plosions of h3rdrogen-oxygen mixtures sensitised by NO,. Their results 
led them to suggest tentatively that NO, may be dissociated to NO and 
O when it reacts with an HO, radical which has retained its energy of 
formation, though they did not discuss how the HO, retained its energy 
of formation. 

Information from Fot^tial Energy Surfoces. 

Some information regarding the existence of HO, should arise from a 
study of the change of the energy of the system H . . O . . O as it 
passes from the configuration H -f O, to HO + 0 . A semi-empirical 
method of treating such a problem has been developed by Glasstone, 
Laidler, and Eyring,®* 

If the coulombic (attractive) forces between the atoms X and Y, 
Y and Z, and Z and X are represented by A, B and C respectively, and if 
a, j 3 and y represent the energy terms due to exchange forces, ^en the 
energy E of the system is given by the Heitler-London equation (assuming 
the bonding elecirons to be s-electroi^} 

E = A+B + C- [i{(a - jS)® + (jS - v)' + (y - «)*}]*• 

For each pair of atoms, the sum of coulombic and exchange energy is 
equal to the potential energy of the pair of atoms. This can be obtained 
directly, for various interatomic distances, from the well-known Morse 
curves, which are derived from spectroscopic data (energy of dissociation, 
vibration frequencies, and molecular dimensions). The ratio of coulombic 
to potential energy is obtained with the aid of rules derived by Glasstone 
et al. When the principal quantum number n of the bonding electrons 
is I, the coulombic energy is taken as iz % of the potential energy ; it 
is 22 % when « = 2, and 32 % when « =» 3. When ^-electrons are in- 
volved, the coulombic energy is much more important.** It is assumed 
that the percentage of coulombic energy is independent of the distance 
between the atoms ; this is only an approximation, and it is one of the 
weaknesses of the metiiod. 

The energy E of the syatem X . . Y , . Z is then calculated for 
various interatomic distances, smd a contour map is drawn relating points 

« Daiutoa and Norrish, Proc. Roy. Soc., A, ig^o, 177, 445. 

»» Glasstone, Laidler, and Eyring, The Theory of Rate Processes (McGiaw 
HOI, r94r). 

“ Bartlett, Physic. Rev., 1931, 37, 507. 
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of equal energy with the configuration. This is the potential energy sur- 
face. The path followed by the reacting system is that of lowest energy, 
and usually involves a smooth rise to a maximum (representing the transi- 
tion state), followed by a smooth decrease. A “ potential hollow ’’ is 
sometimes found at the top of the reaction path. .Mthough it is possible 
that it is caused by a defect in the method, such a hollow probably represents 

a transition state of com- 
parative stability. In 
general, many useful re- 
sults have been obtained 
by the application of the 
method, usually in fairly 
good agreement with ex- 
perimental data. The 
limitations of the method 
have been discussed by 
James and Coolidge.®* 

It is inherent in the 
method that a linear con- 
figuration of the transi- 
tion state has the lowest 
energy, though possibly 
this may not be the true 
shape of HO,. However, 
as shown below, the 
vibration frequencies of 
the linear HO, can be 
calculated, and these 
should assist in deciding the structure if the vibration spectrum of the 
radical should be observed experimentally. The results obtained in the 
present investigation will probably be little affected by treating the bond- 
ing electrons as s-electrons, when in fa.ct the ^-electrons of oxygen are 
involved. Several problems have been similarly treated by Glasstone et al. 
in connection with reactions of hydrocarbons and of halogens, with satis- 
factory results. The reaction, H-|-HQ-*-H,+Cl has been treated by Steiner 
and ^deal,®® assum- 
ing a linear configura- 
tion, s-electrons, and 
20 % coulombic 
energy. They found 
a deep hollow at the 
transition state, 25 
kcal, stable with re- 
spect to the energy 
maximum. A 1^ 
empirical, but much 
more complicated, 
calculation of the 
problem by Magee,®® 
who used the per- 
turbation method, showed that when the electrons are considered as two 
5- and one ;^-electrons, a triangular H,C1 was formed w'hich was 30 kcal. 
stable, while a corresponding linear complex was 15 kcal. stable. 

Potential energy sur&ii^ have been calcx^ted for the S3^em 
H . . O . . O, assuming 15, 20 and 25 % coulombic energy. The 
surface for 25 % is shown in Fig. i, while Fig. 2 shows the change of energy 

** Tames and Coolidge, J. Chem, Physics, 1933, i, 825. 

®® Steiner and liideal. Pros. Roy. Soc., A, 1939, 173, 503. 

®* Magee, J. Chem. PJ^sics, X940, 8, 677. 
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with reaction co-ordinate for the different values of the coulombic energy 
As H approaches O*. the energy rises slightly, then falls by 21 kcal. F^or 
the remainder of this discussion, 20 % coulombic energy will be assumed, 
though this value may well be low {Haber, Heitler and Weiss,*'' in calcula- 
tions of the stability of HO„ assumed 33 % coulombic energy). 

The potential energy surfaces thus show that HO, can be formed from 
H and Oj, only a small activation ener^ being required. If a third-body 
r em oves some of the energy of formation, the radical no longer possesses 
the activation energy necessary for its dissociation, and it should then 
be stable. It is also seen that when the reacting entities possess sufficient 
energy, the S3rstem will pass from HOg to HO -|- O unless energy is removed 
by a third-body before the system passes over the high potential barrier. 
These considerations are in agreement with the conclusions of Bates and 
of Bodenstein and Schenk, that the formation of HO^ in termolecular 
processes has a low activation energy. 

The force constants and vibration frequencies of the linear HO, were 
calculated from the potential energy surffioes by the methods described 
by Glasstone et al. The parallel force-constants, /u, /i, and /«, were ob- 
tained from the equation 

where the superscript ** refers to the bottom of the hollow, and and r g 
are the H . . . O and O . . . O distances respectively. The bending- 
force constant was obtained from the expression : 

where ^ is the angle of deformation. The values obtained were 
/n = 4*0 X lo* dynes, cm.-i ; /ti =* 87 x lo* dynes, cm.-i ; 

A# = i’5 X 10 * dynes. cm.“* ; ^ = 4*0 x 10® dynes, cm.-^. 

The vibration frequencies were then found to be 1300 cm.-^ and 2900 cm.”*- 
for the parallel vibrations, and 320 cm.~i for the bending vibration. These 
values are necessarily approximate; they are not materially affected 
when 25 % instead of 20 % coulombic energy is used. Comparison with 
the frequencies of HCN (2089, 3312, 712),*® a linear molecule of similar 
dimensions, shows that the v^ues are of the right order of magnitude. 
The smaller values for HO, may indicate weaker binding forces. This is 
specially noticeable for the bidding vibration; large distortions may 
occur with but alight changes in energy. TMs is interesting when it is 
remembered that if HO, is formed by the removal of an H atom from 
HgO,, which has a skew structure with the H — O — O angle approximately 
loo'*,** a linear structure would not be expected. Further, an isosceles 
triangular HO, might be considered as participating to some extent in 
the structure of HO„ since it would be stabilised by resonance of the 
OH bond between the two equivalent O atoms. 

If HO, possessed a stable excited electronic state, which was suitably 
situated, it should be possible to observe spectroscopically the electronic 
transitions. At the suggestion of Dr. Gaydon, the existence of the upper 
state was investigated by calculating potemtial energy surfaces for systems 
in which the initial state was H(* 5 } (i.e. ground state), together with O, 
in the lowest ^ectronic state which woiffd normally dissociate into an 
excited O atom in the (^D) state, and one in the ground state. In one 
set of calculations, the products were assumed to be O in the ground state 
and OH in the excited (*ir) state, while in the other set of calculations the 
products were taken to be OH in the ground state and excited O ('^D). 
It was found that in the second set, reaction did not seem to be possible ; 
in the first set, reaction took place, and a hollow appeared at the transition 

** Haber, Heitler and Weiss (private coramnnication). 

*' Herzberg, Infra-Rad and Roman Sp^a (van Kostrand, 1945). 

** Penney and Sutherland, /. CHom. Physics, 1934, 492* 
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state, corresponding to HOg. Tlie H — O and O — O bond lengths were 
then i-o and 1-4 a. respectively. The separation of the two energy minima 
was 100 kcal., corresponding to an electronic transition at 2900 a. 

In view of the limitations of the method, the evidence provided by 
the potential energy surfaces cannot be claimed to be compelling evidence 
lor HOg. It was nevertheless interesting to find out whether or not the 
method would support the postulated existence of HO,. The general 
conclusion is at least in accord with the chemical evidence; further 
confirmation of the stability of HO, is provided in an extensive discussion 
of the thermo-chemistry of the radical by Walsh.*® 

The author wishes to thank Prof. Sir A. C. Egerton, Dr. A. G. Gaydon, 
and Mr. A. McCoU for many helpful discussions ; and Mr. A. J. Everett 
for photographing and enlarging the mass spectrographs in the paper 
by Eisenhut.** 


Summary. 

The chemical evidence for the formation of HOg in the gas-phase is briefly 
reviewed, and the question of whether HOg is formed in bimol^lar or termolec- 
ular collisions is di^ussed in the li^t of recent work by Egerton and Minkoff.* 
The conclusion to be drawn is that as tiie pressure is increased, so the reaction 
proceeds by termolecular rather than bimolecular collisions. In an intermediate 
range of pressures, HOg can undergo certain reactions when it still possesses its 
energy of formation. In the present communication, the semi-empirical method 
of Glasstone, Laidler, and Eyring.f has been applied to the reaction 
H -h Og -> HO + O ; a deep trough, which may indicate the existence of HO, 
has be^ found at the transition ^te, when a linear configuration is assumed. 
Possible vibrational and electronic frequencies of such a linear complex are cal- 
culated. 


Rteum6. 

On passe en revue les preuves chimiques de la formation de HOg en phase 
gazeuse et on condut que sa formation se poursuit par des chocs trimoldculaires 
quand la pression est accrue. Des calculs semi-empiriques ont 6t6 faits pour 
la reaction H + Og-^ HO -|- O ; ils indiquent qu’il est possible de trouver HOg 
lindaire k I’dtat de transition. On a calcifid ses udquences dectroniques possibles 
et celles de vibration. 


Zusammenfassung. 

£s wild eine tlbersicht fiber die chemischen Beweise, die ffir die Bildung 
von HOg in der Gasphase bestehen, gegeben und es wird geschlossen, dass bei 
Steigemng des Drucks die Bildung du^ termolekalare StOsse erfolgt. Halb- 
empirische Berecbnungen sind ffir die Eeaktion 

H -I- Og-»- HO + O 

durchgeffihrt worden xmd zeigen, dass es mdglich ist, dass ein geradliniges HOg 
am tlbergangazustand vorgei^den werden kann. Die mOglichen Kernachwin- 
gungs- und Elektronenfrequenzen sind berechnet worden. 


Dept, of Chemical Technology, 
Imperial College, 

S,W.7, 


*0 Walsh, J. Chem. Soc. (in press). 

* Proc, Roy. Soc, A (in press). 

•f The Theory of Rate Processes (X941), McGiaw Hill, 



RADICAL SPECTRA IN FLUORESCENCE. 

By P. J. Dyne and D. W. G. Style. 

Received 28th July, 1947. 

Although the band spectra of a large number of diatomic radicals are 
well known, examples of polyatomic radical spectra are rare. In fact 
the only known examples are, with their presumed emitters, the hydro- 
carbon flame bands (HCO),^ the a-ammonia band (ITH,),* and the comet- 
tail band at 4051 a. (CHJ,* to which should perhaps be added a system 
obtained as a fluorescence from HCOOH vapour, and which has been 
tentatively assigned to HCO by Terenin and Neujmin.* 

PhotoAiissociation of a polyatomic molecule may lead to the primary 
formation of stable molecules, two radicals, or an atom and a radical. 
With light of high-enough frequency one or other of the products may 
be electronically excited, and under favourable conditions the excitation 
energy may be emitted as a fluorescence. Such radical fluorescence spectra 
have been observed with a number of diatomic radicals “ and with NH,.* 
By using exciting radiation of known frequency estimates have been made 
of the energy required to rupture certain bon^. • 

A few results obtained with some simple carbonyl compounds are now re- 
ported. The fluorescence was excited by a low-tension arc in H| constmeted, 
with minor modifleations, after the design of Allen.' The disdiarge passed 
through a hole in a copper diaphragm and the Cu resonance lines at 3374 and 
3247 A, were rather prominent m the spectrum which was recorded by a quartz 
spectrograph, light from the arc passed through a fluorite window into the 
morescence chamber. Any fluorescence emerged at right angles to the exciting 
beam though a quartz window and was focus^ onto the sut of a f . 8 spectro- 
graph with a dispersion of ca. 50 A./mm. at 3000 a. The arc was run from a 
no V. supply at 3 amp. During an exposure the vapour under examination 
was distilied continuously through the fluorescence chamber. 

The transparency of the fluorite window was regularly checked by observa- 
tion of the intensity of the OH bands emitted by H ,0 vapour when illuminated 
by the arc. The 3064 A. band could be detect^ on Kodak 0*800 plates with 
exposures of a few minutes, wMle with B*2o process plates and a narrow slit 
the head of this band is much over-expo^ and the 2811 a. band appears weakly. 
If the processes responsible for this emission are : 

H ,0 -H H + OH* 

and OH* — ► OH + h^t 

the wavelengths rec|[uired to excite the OH bands are respectively ca. 1345 and 
1295 A. The emission of the arc is fairly strong near the hrst waveleng^ but 
is weak in the region of the latter. 

With the fairly wide slit ^0*025 mm. on the photographic plate), used to 
obtain the spectra to be described, no emission was detectable with CH,CHO, 
either visually, or with exposures of up to 6 hr. 

Formaldehyde, at a pressure of a few tenths mm. Hg., gave no visible fluores- 
cence, but bands were discernible on the plate with an exposure of i hr., and 
hiirly good e:iq>osures were obtained in 6 hr. Longer exposures were not at- 
tempted as the fluorite window became covered with a film which was already 
nearly opaque to the exciting radiation after 4 hr. This film was not soluble 

^ 1 Vaidya, Proc. Roy. Soc., A. 1934, < 47 » 5 i 3 - 

* Eiminer, Proc. Roy. Soc., A, 1923, 103, 696. 

* Swings, Rev. Mod. Physics, 1942, 14* 195. 

^Acta. Physicochim., 1936, 5, 465. 

"Popov, Acta Physicochim., 1936, 4, 539.; Petrova, ibid., 339; Terenin and 
Prileslgewa, ibid. ; Takobleva, iind., 1938. 9, 663, and 1939, 10, 439; Wieland, 
Z. Phy^., 1932, 76, 801, and 1932, 77, 137 ; also ref. 4 and 6. 

* melmd, Z. physih. Chem. B, 1939, 43, 422. 

* Allen, J. Opt. Soc. Amer., 1941, 31, 268. 
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in organic solvents, but vras readily removed by NaiCO, solution. The exciting 
wavelength probably lies below 1345 a., since on one occasion, when the window 
had been imperfectly cleaned, no bands were obtained with CH, 0 , although 
weU-developed OH bands were obtained witib HgO vapour. The bands are 
degraded towards the red (Fig. 1) and the wavelengths of all those that have 
been measured are listed in Table I. togelber with the wavelengths recorded by 
Vaidya for all " A ” hydrocarbon flsinie bands between 4092 and 2858 a.^ 

TABLE I. 


CHO Fluonscootce. 

F}&*ne Bands. 

s'. s'. 

;i(A.} (Vaidya). 

Intensity. 

Ha .). 

Intensity. 

4089 

I 

4092*0 


I 

12 

3989 

I 

3987-5 


0 

11 

3824 

2 

3824*9 


I 

ZI 

3729 

3 

3730-5 


0 

10 

— 

— 

3676-0 


2 

II 

— 

— 

3635-6 

3 

A' 

3588 

3 

3588*6 

8 

I 

10 

— 


3539-9 

2 

3 

ZI 

3504 


3502*7 

8 

0 

9 

— 


3458-4 

1 

2 

10 

3415 


3417-4 

3 

A' 

3377 


3377-4 

10 

I 

9 

3295 


3299*2 

10 

0 

8 

3217 


hidden by OH 

A 

' ? 

3185 



X 

8 

3114 


»» » 

9 1 # 

0 

7 

3040 


»9 9 

9 99 

A 

'? 

3011 

2 

3014*8 

8 

I 

7 

2947 

2 

2948*2 

7 

0 

6 

2858 

I 

2858*0 

6 

I 

6 


The two systems are clearly identical. No " B ” bands were observed 
in duorescence, and, as might be expected from the lower temperature 
of the source, the fluorescent bands are narrower and have sharper heads. 
There can remain little doubt that the emitter is HCO. 

The absorption spectrum of HCHO shows two difluse bands at 1287 a. 
and 1223 A., together with others at shorter wavelengths, which are un- 
likely to be transmitted by fluorite.* The H, spectrum is very weak at 
1287 A., but the 1223 A. absorption band is the weaker, and although it 
overlaps a Ha e mis sion band, t^ intensity of the latter may be very much 
reduced in passage through the fluorite window. Although Vaidya's v" 
is uncertain his is probably correct. In fluorescence, bands with w' > 1 
are absent, possibly because they are too weak. Accepting Vaidya’s v" 
and the real absence of bands with higher v', the heat of rupture of the 
H — CHO bond has a maximum value of 90 or 101 kcal., for active wave- 
lengths of 1287 and 1223 A. respectiv^y. Since the deformation vibration 
of the newly formed HCO radic^ would be expected to be strongly excited, 
the equUiMum value of the dissodation energy must be considerably 
less than the^ figures. 

As already reported * HCOOH rapidly forms an opaque deposit on 
the window. It emits a weak blue fluorescence, which is strongly quenched 
by higher pressures and is of maximum intensity at a few tenths nun. Hg. 
The deposit differs from that fonned by HCHO, beiag remo^red by acetone. 
Owing to the rapidity* with whidbi the window becomes opaque, only 
rather nnder-esposed plates have been obtained which show some 25 

• Price, 7. Chem. Physics. 1935, 3, 356 
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bands between 4400 and 3400 a. and also the 3064 a. OH band. It has 
not been possible to measure up the plates with sufficient accuracy to 
justify tabulation of wavelengths, but in Fig. 2 the approximate wave- 
numbers and intensities are ^own. For the emitter the choice lies be- 
tween HCOOH, COOH and, as suggested by Terenin and Neujmin, HCO. 
The last seems improbable. 

One of us (P. J. D.) wishes to acknowledge receipt of a grant from the 
Department of Scientihc and Industrial Research. 
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Fig. 2. 

Summary. 

A fluorescent band system, excited in gaseous CH ,0 by Ught in the fluorite 
region from a H, arc, is identified with the hydrocarbon flame system. A second 
system of imcertain origin is emitted by HCOOH when Ulnminated by the same 
source. 

R£8um6. 

CH ,0 gazeux, excitd par la lumihre d'un arc k hydroghne moldculaire dano 
la rdgion de la fluorite, donne un spectre de bandes fluorescent, qui est identiqne 
a celui de la flamme d'hy^ocarbnre — H COOH, lUnmind par la mAme source, 
dmet un autre spectre d'origine incertaine. 

Zusammenfassung . 

£in Fluoreszenzbandensystem in gasfOnnigem CHaO durch das Licht in der 
Fluoritregion eines Hj-Bogens wird mit dem Wasserstofflammensystem identi- 
fixiert. Em zweites System, dessen Ursache ungewiss ist, wird ausgegeben, 
wenn HCOOH mit dersi^ben Quelle beleuchtet wird. 

The University of London, 

King’s College, 

Strand, W.C.2. 


FREE RADICALS IN LOW-PRESSURE FLAMES. 

By a. G. Gaydon and H. G. Wolphard. 

Received 22nd Juiy, 1947. 

It is well known that many free radicals, such as OH, CH, C,, CN 
and NH can be detected spectroscopically in the inner cones of organic 
flames. In some cases, e.g. with OH, the radicals axe believed to play 
an important part in the combustion reactions. Many of these radicals, 
however, such as CH and Ct, are not usually included in the ordinary com- 
bustion mechanism, and the nature of their role in the combustion is 
highly speculative. Nevertheless the emission of light by these radicals 
is a very characteristic feature of the spectra of the inner cones of flames 
of the Bunsen-bumer type. In the orffinary Bunsen flame at atmospheric 
pressure the Inner cone consists of a xou^y conical zone of highly luminous 
reacting gases which is very thin, being ordy of the order o-i to o-oi nun. 
thick. In a flame of this type spectroscopic examination may show the 
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presence of certain radicals, but there is no means of determining at what 
stage in the very rapid reactions taking place in the flame these radicals 
are formed. 

One of us (H. G. W.) has studied some stationary flames of pre-mixed 
gases burning at relatively very low pressures. In these flames the re- 
action zone is very much thicker than at atmospheric pressure, and may 
in some cases exceed a centimetre ; also by suitable control of gas flow 
and pressure, it is possible to obtain flames in the shape of a flat disc 
instead of a cone. These thick, flat flames are particularly suitable for 
detailed study. This work is now being continued by us at the Imperial 
College, London, and it is the purpose of this short paper to report the 
results of some preliminary spectroscopic observations on these low- 
pressure flames. 

Experimental and Results. 

Low-pressure Flames. 

Zn these flames the premixed gases are burnt at a quartz or hard-glass jet 
in a large glass vessel which is continuously evacuated by a powerful rotary 

oil-pump. This vessel is fltt^ with quartz 
xvindowTS for viewing the flame and with electrodes 
for ignition ; in the earlier work molybdenum 
electrodes sealed through the glass were used, 
but recently steel electrodes waxed • in through 
protecting Pyrex sleeves have been found satis- 
factory. A fan served to cool the vessel and 
prevent the wax on the windows and electrodes 
from softening. The vessel is evacuated through 
an adjustable valve which enables the pressure 
in the vessel to be controlled ; a large (zoo 1.) 
reservoir between the valve and the pump serves 
to steady the pressure. It has been found ^ that 
the lowest pressure at which a flame can be 
maintained spends on the size of the burner, 
and varies approximately inversely with the 
diameter of burner. Hence to reach very 
low pressures, of the order of a few nun. Hg, 
it is necessary to use very large burners, wi& 
consequently high gas flows and pumping 
speeds. Most of the results reported h^ have 
been obtained using a burner of about 34 mm. 
diameim’ and total gas flows of around 5 cu. ft. /hr. 
(measured at N.T.P.). 

For any given burner diameter and gas 

PiQ, X. ^Diagram of flamg mixture there is a critical pressure below which 

vesMl. The quartz win- ^ steady flame cannot be maintained, and at 
dows are omitted for critical pressure there is a corresponding 

Sy -ralu. o£ the maM hove of gaees at wMch thi 

flame can. just, and only just, be maintained. 
At pressures above the critical pressure the 
flame can be hdd over a range of zsoass-flows ; for too high a gas-flow the gas 
velocity wcceeds the burning velocity and the flame blows off ; for too low a 
mass-flow the flame either strikes back or is extinguished through cooling to the 
burner waUa as it attempts to strike back. For pressures and mass-flows which 
are well above the criticid values, the flame is coni^, rather like the inner cone of 
an ordinary Bunsen flame but more rounded, and if the pressure is raised the flame 
strikes back while still an irregular shape. For mass-flows a little above the 
criticai value it is possible to adjust the pressure so that a flat fl a m e is obtained. 
Table I serves to illustrate the approximate pressures, gas-flows, and thicknesses 
of flame for various stoichiome^c mixtures for convenient running; these 
do not represent the alsolute miniTnnTn pressures at which the flames can be 

^ Wolfhard, Z. tacA. Physik,, 1943, 9, 206. 
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tins type of flame some condensation products are formed and these cloud the 
■walls of the vessel in time 

Mbthane — ^The general appearance of the flame is rather arnniar to that of 
acetylene but "the C, bands are rather less s'trong ■the reaction zone is a httle 
less ■thick and the minimum pressure is hi ghf»r With a s^toichiome^tnc mixture 
the upper part of ■the flame is agam ndher laolot with "the CH bands strong but 
■the green base to ■the flame is less noticeable than ■with acetylene However, 
pho^tographs of the spectrum agam suggest that "the C, commences a httle lower 
t han CH m the flames and also in fla-mfta of mixtures of methane and hydrogen 
the C| comes very defimtely at a lower level than CH so the differences between 
the methane and acetylene flames are probably ones of degree rather ' fcTia.n irind 
In ■weak mixtures CH is agam lela^tively strengthened compared with ana 
the HCO bands agam. occur The HCO and OH commence below CH. 

With shghtly nch. mixtures "the flame develc^ a green outer nng, sho^wmg 
Cj Wi-th very nch mixtures the bands of CH occur bdow those ofCt , ■this is 
the reverse position to that of mixtures around the stoichiometric ■value 

SuTAics — ^This flame is very aimiiar to ■that of acetylene or methane, ■with a 
defimte gieeiush base showing C, In very weak mixtnies the HCO bands are 
particularly strong 

Ethylene — ^The oty e^thylene flame is s^^am very Bimiiar to ■that of acetylene, 
and usually shows the C* bands commencmg defim^t^y below those of CH We 
have, ho^ne'ver, obtained some spectrograms of a ■very nch mixture, about -the 
nchest mixture which will give a S'teady fla-Tna and fhm sho^ws a pade ■violet-blue 
base emitting chiefly CH bands and a bright green Tnain zone emi-tting C^ wi^th 
a weak lununous cap abo^ve showmg a contmuum from hot carbon particle^ 
A spectrogram is reproduced m Plate 16 With very weak mixtures "the HCO 
bands are observed, but ■we have not obtamed them as strongly with ethylene 
as ■with acetylene or butane This is a httle surpnsmg as these bands "were 
originally ob^tamed by Vaidya m ■the ethylene flame and kno^wn as ethylene 
flkme bands 

Flames with Nitrous Oxide. 

Some pre liminar y observations have been made on ■the low pressure flames 
of vano^us gases bunung -wi^fh mtrons oxide instead of oitygen These show m 
addition to the previous radicals CH, C^ and OH, bands due to the radicals CN, 
NH and NHa The y-bands of NO also occur these flames the reaction zone 
IS ra^fher thinner -than m ■the flames ■with o^xygen, but it is sbll possible m some 
cases ■to say which radicals occur early and late during -the comboshon process 
HiniEOGEN — In ■this flame ■the bands of OH, NH and NO appear m about 
■the same region, but the ammonia a-band, which is usually attributed ■to ■the 
radical NHg, extends appijaciably hi^er m ■the flame, as can be seen m Plate Ic 
Acetylene — ^In the aoetylene-xu^trons oxide flame ■the C* bands occur lowest 
m ■the flame, with CH and CN higher up The OH and NH extend ■through ■the 
flame and it is difficult to say whether they commence with, or slightly abo^ve, 
■tbe C| The bands of OH NH and NO are much less sharply locali^ than 
■those of Cf, CH and CN and ■they extend a gcxid deal higher m -the flame In 
this flame also the NH^ bands commence at a rather higher level than those of NH 
Methane — ^The o^rvations on the methane flame are closely similar to those 
on acetylene 


Discussion. 

At ‘this preLumnary stage of the investigations it is difficult to draw 
any certam condusions about ei'ther the detailed reactions of the various 
free radicals or the combustion mechanism but a few speculations may 
be hazarded The reactions m flames at low pressnres, of ■the order of 
i/iooth atmo^here cannot be mqiected to be identic^ quantitativdy 
with those m flames at atmosphenc pressure In particular, low-pressure 
flames ■will favour bunoleculu reactions at the expense of -termolecular 
or higher order reactions Also m the low-pressure flames there is rather 
more dissociation and lienee a relatively higher concentration of free atoms 
and radicals such as OH Nevertheless ■the general app^irance, bdtia'viour 
and spectra of ■these low-pressoxe flam^ are remarkably similar to those 
of Bunsen-type flames, and it is natural to conclude that the reactions 
at low pressure are qn^tatively, if not quantita^tively, very similar 
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The outstanding observation is that in hydrocarbon flames with weak 
or roughly stoichiometric mixtures the bands of C| precede the CH bands. 
It would be natural to regard the removal of h^^ogen from the hydro- 
carbon, perhaps by reaction with H atoms or OH radicals, as taking place 
in successive ^eps so that CH might precede carbon. Actually the reverse 
is usually true. A reaction of the type : 

C, + OH = CO + CH. 

which is very exothermic, might account, on the other hand, for the CH 
bands appearing at a later stage than C,. It is probable that tixe formation 
of solid carbon and Cg is due to polymerisation and subsequent cracking 
of the hydrocarbons (Gaydon and Whittingham *) and we may now suppose 
that the formation of CH in flames is partly due to reaction of Cg with 
OH, or perhaps with hydrogen or water. With mixtures which are very 
rich in fuel, however, -^e CH bands may occur below the Cg so that there 
must presumably be some independent mechanism by which CH can be 
formed without the prior formation of Cg. 

It 'is interesting that Vaidya's h3rdrocarbon flame bands occur in the 
early stages of combustion, li^ore CH. It has been shown (Gaydon *) 
that in some cases the presence of these bands, which are believed to be 
due to HCO, is associated with the formation of peroxides in the com- 
bustion. These peroxides would presumably be formed in the earliest 
stages of reaction, so that the presence of HCO. formed by decomposition 
of &e peroxides, is to be expected fairly early in the reaction. 

The occurrence of NH, (ammonia a-band) at a later stage than NH 
in the flames with nitrous oxide is not surprising. The foot that the bands 
of the CN radical tend to occur, with CH, rather above the region where 
Cg is strongest, suggests that the CN is formed by reaction of carbon with 
nitrous oxide rather than by direct reaction of the h3rdrocarbon with NgO . 

These low-pressure flai^ tend to favour the emission of light by 
chemiluminescence, because of the longer time between deactivatir^ 
collisions, and any ddays in the equipartition of vibrational or rotational 
energy are more likely to show up. Some interesting observations on the 
cherniluminescent excitation of OH radicals in flames and on anomalies 
in the vibrational intensity distribution in the OH bands are bsing made 
and will be reported separately in due course. 


Summary. 

In at Very low pressures ('^ i/ioo atm.) the reaction zone, correspond- 
ing to the iTinftr cone of a Bunsen-bumer flame, is much thicker, and it is possible 
to stu^ in detail, by spectroscopic methods, the formation of radicals such as 
OH, CH. Cg, HCO and In hydrocarbon flames the Cg and OH bands are 
emitted at an earlier stage of the reaction than CH ; Vaidya's hydrocarbon 
flame hands, which are probably emitted by the radic^ HCO, also occur early 
in the reaction. In fln-rnAa supported by nitrous oxide ths radicals Cg and NH 
appear to be formed before CN and NHg. The mechanism of formation of some 
of the radicals has been briefly discussed. 

R6sum6. 

On a fait I'dtude spectroscopique de la formation de radicaux dans des flammes 
h basse presaion (i/xoo atm.). Dans des flammes d'hydxocarbures, les bandes 
de Cg et de OH sont dmises plut6t qua celles de CH. Les bandes de flammes 
d'hyoTocarbures, ddciites par Vaiyoa et probablement dmises par HCO, ap- 
paxaissent de temie heure dans la rdaction. Dans des flammes entretenues 
par NgO, les radicaux Cg et NH apparaissent avant CN et NHg. Le mdcanisme 
de formatian de quelques uns de ces radicaux est bliihvemeat discntd. 

* Gaydon and Whittingham, Proc. Roy. Soc. A, 1947, 189, 313. 

* Gaydon, ibid., 1942, 179, 439. 
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Zusammenfassung . 

Die Bildung von Kadikalen in FLammen bei niedrigen Drucken (i/ioo at.) 
ist spektroskcmiscli unterancht woiden. In Kohlenwasseistofflaminen treten 
die Cg nnd OH Banden frflher als die CH Banden auf. Vaidya's Kohlenwasser- 
stofflanunenbanden, die •walirscheinlicb von HCO ansgegel^n werden, txeten 
anch zeitlich in der Reaktion auf. In von NgO unterstiltzteii Flammen erscheineq 
die RadUcale Cg nnd NH vor CN und HHg. Der Bildungsmechanismus einiger 
dieser Radikale -wird knrz erOrtert. 

Imperial College of Science and Technology, 

Prince Consort Road, 

London, S.W.y. 


THE RADICALS BrO AND CBr IN FLAMES. 


By E. H. Colkman and A. G. Gaydon. 

Received 7 ,znd July, 1947. 

The extensive use of methyl bromide as a fire extinguisher makes it 
important to know the mechanism of its inhibitory action, and for this 
purpose a study of its fame spectrum has been made. Vaidya ^ found 
that a system of bands in the region 4000-4600 a. was obtained in the 
flame of ethyl bromide burning with oxygen, and he assigned them pro- 
visionally to the radical BrO. In flames containing chlorine compounds, 
however, bands due to CCl, not CIO, are observed, and one of us (Gaydon •) 
suggested that the bands observed by Vaidya might equally well be due 
to CBr. The emission spectra of flames containing oxygen, hydrogen, 
methyl bromide, and Bromine, have therefore been studied in order to 
determine the emitter of the bands. 

Experimental. 

The following flames have been studied. 

(a) Hydrogen burning in air. 

(&) Hydrogen with methyl bromide burning in air, and in oxygen. 

(cj Hydrogen burning in oxygen with bromine. 

(a) Oxygen burning m atmospheres of hydrogen with, and without, methyl 
bromide. 

(e) Fremixed oxygen and methyl bromide burning in air. 

(/) M^±nre8 of oxygen, hydrogen, and methyl bromide burning in a Smithell's 
separator so that the iimer and outer cones could be stumed separately. 

The gases were obtained from commercial cylinders, and the bromine was 
introduce b3^assing ox3rgen over liquid bromine. The geises were burned at 
quartz jets. The spectra were photographed with a small quartz spectrograph 
of natively wide aperture and some plates, including those reproduced, were 
taken with a medium quartz instrument, Zei^ Q24. 

Effect of Methyl Bromide and Bromine on Flames. 

The first effect of the addition of a little methyl bromide to a flame is the 
developmeint of an inner cone which increases in size '^th further additions of 
bromlM ; a bronze-coloured fringe to the outer mantle is also formed. As the 
methyl bromide content is increased, a ^y fringe devtiops round the inner cone, 
the mantle increases in luminosity, and finally the flame becomes smoky. The 
oxy-metiiyl-biomide flame has a Iflue inner cone surrounded by a lilao-coloured 

^ Proc. Indian Acad, Sei., 1938, 7a, 321. 

^ * Spectroscopy and Combustion Theory (Chapman and Hall, 1942), p. 74. 
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zone. Thfi outer fringe is light brown. When hydrogen is burned In oxygen 
to which about 4-5 % bromine vapour (by volume) has been added» a blue inner 
cone is formed and the outer mantle is brown ; thp flame is several times larger 
than the corresponding flame without bromine. The inflammability limits of 
the o^-methyl-bromide flame were approximately 19-5 % and 3i'0 % methyl 
bromide. 

Spectroscopic Observations. 

Oxy-meth ifx-BRoMiDB Flambs. The bluish inner cone shows bands chiefly 
due to OH, CH, and C^. There is also a hitherto unobserved band round 2900 a. 
In the lilac zone just above the inner cone, Vaidya’s bands (BrO) are strong, 
as also are bands at the red end due to Br,. The bronze tip of the flgTnw shows 
chiefly Br, and OH bands. Vaid3ra’s bands extend into tms zone but are rela- 
tively less strong. The band at 2900 A. occurs best with the weaker mixtures, 
and, also, in th^ mixtures the CH is relatively less strong than the C^. The 
zones of the flame in which the bands occur are shown in Fig. i. 

Flames of Oxygen m Hyorogsm w i t h Methyl Bromide. The flamg of 
oxygen burning in an atmo^here of hydrogen to which methyl bromide has been 
added shows strong OH bands with Vaidya's (BrO) bands present weakly, 
and Br, bands in the red region. 

Diffusion Flames of Hydrogen 
WITH Methyl Bromide Burning in 
Air and Oxygen. The diffusion flames 
of hydrogen with method bromide show 
strong CH bands, Vaidya's (BrO) bands, 

Br, bands, and a little CH. 

Premixed Oxygen, Hydrogen, and 
Methyl Bromide Burning in a 
Smithbll's Separator. The flame of 
the premixed gases oxygen, h3^drogen. 
and methyl bromide, ahowm C,, CH, and 
OH in the inner cone, and the 2900 a. 
band is present faintly. The zone above 
the inner cone shows Vaidya’s (BrO) 
bands and OH. The outer cone ^ofra 
Br, and continuum. 

Hydrogen Burning in an Atmo- 
sphere OF Oxygen, and Bromine. The 
blue inner cone of the flame of hydrogen 
burning in an atmosphere of oxygen 
and bromine shows Vaidya's (BrO) bands quite strongly. This indicates that the 
bands are due to BrO rather than to CBr since no carbon is present in the flame. 



The Spectrum of BrO, 

We have seen that Vaid3ra’s ethyl bromide flame bands are most prob- 
ably due to BrO, since they occur when pure bromine is added to the oxygen 
atmosphere in which hydrogen is burning. Vaidya measured the heads 
of 8 bands and gave a provisional vibration scheme. In our plates (Plate 
is) we have observed additional bands; and since C, and CH are not 
present we have been able to measure bands which were masked on Vaid3ra’a 
plates. The bands are degraded to the red, but the heads are HiflFiiHft 
and it is far from easy to m^e precise measurements. We have, however, 
obtained rough estimates to the nearest a. of the heads of 16 of these bands 
and these are presented in Table I. Our spectra were taken on a medium 
quartz spectrograph which would justify measurements to better than 
0*1 A., but the difliiseness of the Ixinds precludes this. 

There is one obvious strong progression of bands, presumably the 
= o progression, and the remaiiiing bands can be arranged into two other 
progiessic^ to give the scheme set out in Table II. This is essentially 
an extension of Vaidya's scheme, but the wavelength of the (i, 2) band 
has been changed from 4178 to 4186 a. permitting the inclusion of one 
band which he gave as 4065-8 a. 2ind could not include in his scheme. His 
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band at 4430 a. "waa not observed. The assignment of the values of v" 
is provisional ; it is possible that they may require raising by one or more 
units, but the vibrational and intensity distribution favours the present 
assignment. 

In addition to the main BrO bands listed we, like Vaidya, observed 
other bands of shorter wavelength in the ultra-violet, but owing to their 
faintness and overlapping by OH it was not possible to attempt measure- 
ment and analysis. The strongest two heads appear to be at 3333 and 

3384 A. 

TABLE I. — ^Band Heads op BrO. 


A. 

Int. 

9e 

o', o'. 

A. 

Int. 

9. 

o', o'. 

4965 

I 

20133 

0.7 

4225 

2 

23662 

2, 3 

4856 

2 

20587 

1.7 

4186 

3 

23882 

I. 2 

4817 

3 

20754 

0, 6 

4147 

6 

24107 

0. 1 

4673 

8 

21394 

0,5 

4109 

4 . 

24330 

2, 2 

4533 

mm 

22055 

0,4 

4069 

5 

24569 

I. I 

4398 


22731 

0,3 

4029 

3 

24813 

0, 0 

4349 

BEI 

22987 

2. 4 

3999 

3 

24999 

2, I 

4270 

m 

23413 

0,2 

3958 

3 

25258 

I, 0 


By using the bands of the main v' = o progression we can give ap- 
proximate values for the vibrational constants of the ground state. 
ate comes about 713 cm.-^ and Xe<oe— 7 cm.-^. A linear Birge-Sponer 
extrapolation gives 17800 cm.~^ or z-2 e.v. for the dissociation energy of 
the ground state of BrO. As is well known (cp. Ga3nion») the linear extra- 
polation usually comes too high by perhaps 20 %, and the more probable 
value for the heat of dissociation is 1*75 e.v. ± 0*3 or 40 kcal. This 
compares 'with an estimated value of 44 kcal. for the dissociation energy 
of CIO. Taking this value of 40 kcal. for the dissociation energy of BiO, 
the heat of formation of BrO bromine and oxygen in their standard 
states would be about — 46 kcal. 


TABLE II. — ^Vibrational Scheme por BrO. 
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It may be noted that the BrO bands occur above, not in, the inner 
cone. A possible reaction for the formation of BrO is : 

Br, + OH = HBr -h BrO 

which would be slightly endothermic. It is improbable that the BrO 
is formed in the inii^ oxidation of methyl bromide. 

The Baud at 2900 a. 

As already mentioned, a diSuse band has been observed about 2900 a. 
It is shown in Plate ib. Ihe band appears to be diffuse without obvious 
hea^, and is rather badly masked by the overlapping (1, o) OH band. 

■ Distodation Energies (Chapman and Hall, I 947 )- 
























E. H. COLEMAN AND A. G. GAYDON 169. 

Bands due to CCl have been observed by Asundi and Karim/ the 
(o, o) sequence is at 2796 a. and the bands have a rather complex structure. 
Vaidya • has observed them in flames of, or contaiuing, methyl chloride, 
chloroform, and carbon tetrachloride. The new band at 2900 a. occurs 
in the inner cone of the flames in much the same zone, and in aimilar 
conditions as CH. It only occurs with methyl bromide and not in the 
hydrogen flame in oxygen with bromine. The similarity of region be- 
tween this band at 2900 a. and the CCl band at about 2800 a., and the 
conditions of its occurrence suggest strongly that the new band is due 
to CBr.* 

This work is part of an investigation being made by the Fire Research 
Organisation into the mechanism of fire ext^ction, and is published by 
permission of the Director, Fire Research Organisation, Department of 
Scientific and Industrial Research. 

The authors wish to thank Dr. W. M. Vaidya for helpful criticism, 
and one of us, A. G. G., is indebted to the Roy^ Society for the award 
of a Warren Research Fellow^p. 


Summary. 

The spectra of flames containing methyl bromide and of flames containing 
bromine vapour have been examined. Bands in the region 3800-5000 a. pre- 
viously observed by Vaidya in an ethyl bromide flame have obtained m a 
flame of h3rdrogen bnming in oxygen and bromine ; this supports Vaidya's 
assignment to BrO rather than to CBr. Further measurements, and an extended 
vibrational analysis of these bands are presented ; a provisional value for the 
heat of formation of BrO is given. In flames contaming methyl bromide, a 
diffuse band is observed in the r^on 2900 a. ; this is provisionally attributed to 
CBr. 


R6sum6. 

Les spectres de flamme, contenant (i) CH,Br et (2) Br, gazenx out dtd exam- 
ine. Des bandes dans la rdgion 3800-5000 A. tout la flamme de Hg brfllant 
dans O, et Br^, viennent appuyer Tattiibution de ces bandes par Yaiyda k BrO 
plutflt qu'k CBr. On donne d'autres mesures, aiusi qn'une analyse des vibrations 
des bandes et ime valeur provisoire ponr la chaleur de formation de BrO. Une 
bande diffuse k 2900 a. pour des flammes contenant CHgBr est actuellement 
attribute k CBr. 


Zusammenf Bssnng . 

Die Spektien von Flammen, die ^a) CH,Br und (b) Br^Dampf entbalten, 
Vurden imtersucht. Banden im Gebiet 3800-5000 a., die in der Flamme von 
m 0 , nnd Br, breimendem H, gefunden werden, imteinttltzen deien Zuordnung 
(von Vaidya) zn BrO und nicht zn CBr. Weiteie Messungen nnd Kemschwin- 
gnngBfrequen am alyse der Banden, sqwie ein provisorischer Wert ffir die Bfldungs- 
w&rme von BrO werden angegebra. Ein difhises Band bei 2900 a. in Flammen, 
die CH,Br enthalten, wird vorlflufig CBr zugeschrieben. 

Imperial College of Science and Technology ^ 

DeparimerU of Chemieal Engineering and Applied Chemistry, 

Prince Consort Road, 

London, S.W.y. 

.•*Proc. Indian Acad. Sci., I937< 

• Proc. Roy. Soc. A., 194JJ 356. 

* Note added in Proof ; Later work favours Brt (see Discussion, p. 176}. 
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GENERAL DISCUSSION 

Dr. G. J . Minkofl {London) said : 1 should like to mentioii two papers 
recently published, which have a direct bearing on my paper. I have 
referred to the apparent inconsistency in the mechanism of the photo- 
chemical union of hydrogen and oxygen, which suggests that the reaction, 
H, -f- HOj -► H|Ot -J- H, proceeds at every collision at room tem- 
perature, even tihough it is known not to occur frequently at moderately 
high temperatures. The postulation of the reaction was made partly 
to account for the yi^d of 88 % HgOa, and partly to account for quantum 
yields greater than unity which wots foimd by earlier workers. Volman,i 
a co-worker of Rodebush, has now investigated the reaction with the 
aid of a more reliable actinometer, and he h^ found that a more correct 
value for the quantum yield is o-3.-o*6 % mol. H|0| per quantum of light 
absorbed. There is thus no longer any need for HtOt to be formed to- 
gether with a chain carrier under these conditions. Volman suggests 
that reactions ■ such as 2 HO. -*• H|Oa -f O* may be of impoitwce. 
In this way, the photochemical reaction falls into line with the thermal 
reaction. 

The other paper describes the mass-spectrographic technique developed 
by Eltenton * for studying combustion processes. It was found tiiat 
when a low-pressure methsme- or propane- oxygen mixture was ignited, 
the current due to ions of mass 33 mcr^ised simultaneously with a decrease 
in the current due to mass 32 ( 0 ** 0 i*). This is strong evidence for the 
presence of the radical HO, in flames. 

Dr. F. S. Dalnton (Cambridge) {communicated) : I would like to raise 
one point in connection with Dr. Minkoff's paper. All previous workers 
on the hydrogen-oxygen reaction are agreed that in the three-body reaction, 

H + O, 4- M -*• HO, -I- M*, 

hydrogen is as efficient a third body as its mass and collision diameter 
would lead one to expect. To account for Dr. Minkoff's data on hydrogen 
peroxide formation, the HOjf radical when formed by the binary process, 
H -f O, -»■ HO} (retaining Ihe energy of formation), must be presumed 
capable of reaction with hydrogen according to HOJ 4- H, -► 11 , 0 , -f- H 
at nearly every collision. Does the theoretical treatment indicate why 
the assembly of H 4- O, 4- H, under the same conditions of energy can 
yield such dissimilar resffits in the ternary, and double binary processes ? 

Dr. G. J. Minkoff {London) {communicated) : It would be expected that 
the double binary process, H -j- O, -*■ HOf, HOf -f H, -»■ H, 0 , -f- H, 
would be more efficient in producing H, 0 , than a direct termolecular 
collision of H 4- O, -H H„ other factors being equal, because the steric 
factor is less important in the former process. It is clearly more probable 
that HO} and H, will collide in a conflguration favourable to reaction 
than that the three entities, H, H, and 0 „ will be suitably placed at the 
time of collision. There is a fmiher factor which explains the higher 
yield of HgO, by the former process. It is wdl known that the deactiva- 
tion of vibratacnally-excited molecules by collision with other molecules 
is relativid.y inefficient. Studies of the velocity of sound in CO, have 
diown,* for example, that the probability of a vibrationally-excit^ CO, 
molecule will be deactivated on coHMon with a molecule of CO, is i in 
51,000, I in 1,200 for collisions with N„ and i in 60 for coUisiona with 
H ,0 molecules. Thus, although HO} may be somewhat easier to de- 
activate than CO„ th^ is strong reason to suppo^ that it will retain 
its energy of fcumation until it can react with a H, molecule and so give 

1 Volman, J. Ckem. Pltysics, 1946^ 14, 707. 

* See Smith and Kaprsvnik, 1 ^. cit, 

* Eltenton, 7 . Chem. Physics, 1947, 15, 454. 

* Ga3nion, S^ctroscopy and Combustion Theory (London, 1942), p. no. 
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H, 0 ,. That is to say, a high proportion of the HO* formed by this 
process will lead to the formation of HgO, and so to a higiiAr yield of H, 0 , 
than will the tennoleculs^ process, which will produce practically no 
H|Og when the third body is O*, H^O, or HjOj, and only a sTna-ll proportion 
when the third body is H*. 

Dr. J. Weiss {Newcastle) said : Dr. Minkoff has referred in Tiis paper 
to some calculations regarding the energy of the O,— H bond energy, 
which were initiated by Prof. Haber.® These calculations should be re- 
garded only as a first approximation as they are made under the assump- 
tion that lie O atom is in a 3^ ground state and that the ox3^en-ox3rgen 
bond is a pure spin valence. It is of some interest, however, that the 
values which one obtains, applying Heitler's theory, are not greatly de- 
pendent-on the amount of Coulombic energy which is introduced. This 
is illustrated by the following figures : 
i Qx and are defined by 

O, -f H = HO, 4- Qx kcal. 

HO, -f H = H, 0 , -}- Qt kcal. 

one obtains : 

Dr. A. D. Wal^ {Cambridge) said : 

D3me and Style ^ve the first strong 
evidence in favour of HCO as the 
emitter of the hydrocarbon flame 
bands. If we accept this conclusion, it is of importance not only for the 
theory of reactions in flames but also for the theory of molecular structure. 
Gaydon* has shown that the rotational fine structure of the bands is 
not sufficiently open ” to permit the emitter having a small moment of 
inertia such as woidd be possessed by a molecule with H lying con- 
siderably off the XX line. It seems therefore that HCXD must be lin^, or 
nearly so. 

is in accord with what would be expected from the ideas stressed 
in my own paper The C atom will adopt the condition of hybridisation 
that leads to the greatest evoluticm of energy. Both C <=0 and C— H 
bonds are likdy to have their greats bond energy (£) when the C atom 
is close to the acetylenic state, i.e. is forming two hybrid valencies in line. 

The conclusion has important consequences. When HCO is formed 
from HCHO, it is clear that there must be evolved an " energy of re- 
organisation,” since the C valencies change. Comparison of B(CH) in 
HCHO and C,H, and of £(C= 0 ) in HCHO and CO,® (allowing for 
certain difierences of polarity and other factors in tirese paim), makes it 
difficult to resist the conclusion that the reorganisation energ^ must be 
as great as 20 kcal, or more. This reorganisation energy is reflected in 
the known considerable stability of the HCO radical.® Also it im- 
plies a marked diflerence between the dissociation [D) and bond energy for 
CH in HCHO. 

Relative to C,H4, the O atom in HCHO is eaq>ected to inmease the 
s character in the C valency towards H. The effect of this on the CH 
bond is twofold : it shoidd strmgtiien it by increase of the bond electro- 
negativity product but at the same time weaken it by increase of the bond 
dectronegativity difference (or polarity). The resrdtant o£. these should 
be a strengthening as in C,Ha ; but tiie matter is complicated by inter- 
action of the dlectrcms occupying the O up lone-pair orbital (whose 
spatial spread is likdy to ^ considerable since its ionisation potential 
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Qi 

(kcal.). 

33% 

53 

lOI 

20 % 

48 

94 


< Cf. Weiss, Trans, Faraday Sac., X935, 31, 668. 

* Gaydon, ^edroscopy ana Combustion Theory (Chapman and HaU, 1942). p. 44. 
T Walsh, this DiscuE^on, p. x8. 

■ See Walsh, Trans, Faraow Soc., I947« 43 t 

* Burton, J. Amer. Cham. Soc., 1938, 60, 2x2 ; cf. Style and Su mme rs, Trans. 
Fwaday Soc., 1946, 4a, 388, who find the minimum activation energy for the 
dissociation of to be x6 kcal. 
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is only io*8 v.) and whose axis is in the plane of the CH bonds) with the 
CH electrons. The electron diffractioD value for the CH length 
(i‘09 ± 0-01 A.) suggests a CH bond energy probably within ca. 5 kcal. 
of the CH4 value (104) . The force constant data suggest a rather greater 
length but the same interaction efEects that complicate the theoretical 
discussion also complicate the interpretation of the force constant as 
affording a true indication of the bond length. The difficulty with the 
theory, with the application of the force constant calculations and with 
the very concept of bond energy is that HCHO is only crudely divisible 
into two CH bonds and one C =0 bond. Remembering this, it is prolwibly 
wise to take no more than a " blurred *’ value of the HCHO CH — bemd 
energy as, say 95-110 kcal. A faurly definite condusion does, however, 
emerge — namely that, if D is 20 kcal., or more, less than E, D{C — ^H}hdho 
is liMy to be abnormally low. This condusion receives support from 
the ready reaction of atomic H with HCHO in contrast to CH^ ; ^ and 
it is of interest to note that Gk)rin has placed D{C — ^H) at 78 kcal. 
Gorin’s estimate implies a value 26 kcal. for i)(C — ^H)gao. 

In the QCO radical (which probably occurs in the photochemical 
production of COCl, from CO -f Cli), there enters the additional factor 
(relative to HCO) of interaction between the Cl *' lone-pair "orbitals and 
those of the C and O. According to the usual molecular-orbital theory 
(resulting in the " 16 electron " nile), this radical will have a bent con- 
figuration. 

Dr. K. Wleland {Zurich) said : It is well known that at fairly high 
temperatures, in the region of 1500® c. and higher, quite a large numl^ 

of diatomic radicals can 
easily be detected by their 
absorption spectra.^* 
But these spectra if 
taken under unknown 
conditions of pressure do 
not provide any quanti- 
tative data concerning 
the concenlrotions pre- 
sent. However, I should 
like to point to the im- 
portant &nt that many 
absorption spectra of 
diatomic radicals can be 
obtained at tempera- 
tures b^ow 1200® c. This is important because up to 1200® c. silica tubes 
can be used as absoiption cells and, therefore, the concentration of a 
radical in thermal equililnium can be studied under well-defined conditions 
of pressure and temperature. From the few absorption measurements 
made under such conditions one may draw the conclusion that very small 
quantities of radicals can be deted^ by their absorption spectra. This 
is illustrated by the above table containing approximate minimum con- 
centrations (in g. mol. /I.) which are necessary for the observation of the 
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OH 

6XI0-® 

3100 
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CN 
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2600 
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3 XIO-® 

5000 
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CaH, 

I XIO-* 
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u Stevenson, Lu Valle and Schomaker, J. Arner. Ckem. Soc., 1939, 61, 2508. 
uLiimett, Trans. Faraday Soc., 1945. 

See Long and Norcish, Proc, Rw. Soc. A, 1946, 187, 351. The discus^n 
given here dineis in certain respects uom that given by these authors. 

“ Gknin, /. Chsm. Physics, X939, 7, 256. 

u Peaise and Gaydon, IdnUijicaiton of Mcdscuhr Spectra (Chapman and Hall, 


London), 1941. 

“ DwW and Oldenberg, J. Chem. Physics, 1944, 35i* 

1* WMte, iUd., 1940, 8, 79 and 459. 


If Vlleland and Herezog, HeUv. CJUm. Acta, X946, 29, X702. 

1* 'Wielaiid, J, Chim. Physique (m press). 

Bonhoeffer and Harteck, Gmndi^en der Photoehemie (Dresden and Leipzig, 

1933)' 
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absorption spectra of these radicals in an absorption cell of 10 cm. length. 
For comparison similar minimum concentrations are also given for some 
molecules with known absorption coefficients. 

The sensitivity of the absorption method depends of course on the 
spectrograph us^. Thus the minimum concentrations obtained for 
Hgl and Cdl by Herczog and myself when using only a medium size 
spectrograph may still be markedly decreased by means of a large grating 
spectrograph as used by Dwyer and Oldenbe:^ for OH and by White 
for CN. 

Mr. J. R. Arthur and Mr. £. Sterling (London) {communicated) : 
Examination of the emission spectra of flames discloses the presence of 
many species of radicals. Considering the violence of the conditions in 
flames, this is not surprising. As Gaydon has emphasised it cannot be 
assumed in the absence of other evidence that radicals so detected play 
a significant part in the main reaction mechanism. 

In carbon monoxide flames, however, it is generally recognised that 
the important labile molecules necessary for flame propagation are derived 
from moisture or other substances containing hydrogen. In CO flames, 
it seems certain that both molecular and atomic hydrogen concentrations 
will quickly reach stationary concentrations. The stability of the flame 
will only ^ possible provided those concentrations are greater than a 
certain minimum value. Moreover, Tanford and Pease have recently 
made estimates of the H atom concentrations in CO flames and found a 
definite correlation between burning velocity and these concentrations. 

We have recently made some measurements of a stationary hydrogen 
concentration obtaining during the combustion of carbon monoxide-air 
mixtures at a jet flame by inserting an evacuated palladium tube in the 
flame and observing the equilibrium pressure (due to hydrogen) set up 
within it.*' The gases fed to the flame were ^ed over magnesium per- 
chlorate. With the palladium tube at 700** c. (i.e. several hundreds of 
degrees lower than the flame temperature on account of heat losses by 
conduction and radiation), we found that : 

(i) a steady pressure was quickly reached (Fig. la) ; 

(ii) there was a rapid respoi^ in the pressure to the addition of 
moisture to the gases fed to the flame (Fig. ib ) ; 

(iii) addition and subsequent removal of water from the gases left 
the hydrogen pressure unchanged so that the difiPosion process 
can 1 m regarded as quantitatively reversible and specific for 
hydrogen (Fig. ic). 

The equilibrium pressure so measured is presumably a property of 
the flame alone. The rate of approach to eqi^brium is a function also 
of the palladium tube dimensions, and of t^ volume of the evacuated 
q)ace. Altixongh the well-known efilect of palladium in establishing the 
equilibxium Hg sH precludes the possibility of dififerentiating between 
H, and H, it is quite clear that the technique represents a method of 
foUowing the changes in concentration of a labile transient intermediate 
in the combustion process considered. This would follow of course 
horn the over-simplified reaction ^fiieme suggested many years ago by 
Dixon: 

CO -f- H, 0 , CO, -f- H, 

H, + iO, -► H, 0 . 

It was also found that known inhibitors of the combustion of CO 
brought about marked decreases in the measured pressure. Fig. i(b) and 
x(c) show tile influence of very small quantities of FQ, and HQ on the 
measured pressure. Indeed, it was ioimd quite generally that those 

Tanford and Pease, /. Cbem. Posies, 1947, > 5 * 43^ 

*' Arthur and Sterling, Ifaiwre, 1947. t6o, 8^. 

•• Dixon, /. Chem. Soe., 1886, 49, 94. 
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compounds which markedly increade the CO/COi ratio in the combustion 
of carbon at 750-850® c. drastically reduce me hydrogen content of a 



Fig I (a). 



Fig. 1(6). 



Fig. i{c). 


P is partial piessure of hydit^^ in mm. Hg. 

t is the time in minutes after isolating Fd tube from the evacnating system. 

** Arthur, Naiuro, X946, 157, 733. Artiinr. Bangham and Thring, /. Soe. 
Chtm. Ini, (in press). 
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CO flame. The technique is likely to be of value in examining the effect 
of finft solids on reaction rates in flames. 

We regard these facts to be of the greatest significance in the fire 
extinction properties of halogen-containing compoimds— a field briefly 
mentioned by Gaydon and Cole m a n . Whilst the physical properties 
such as density are clearly of significance in providing a shielding effect 
against oxygen, it seems most likely that there is operative a specific 
retarding influence on the combustion, as Dufraisse and his collaborators ** 
suggested some years ago. Since it has been shown that a gas-phase 
reaction between CO mid O, certainly pla}rs an important part during 
the combustion of soHd fuels, we ascribe a major part of the fire ex- 
tinguishing properties of halogen-containing compounds to an inMbitor 
of the combustion of CO by some such species as elementary chlorine 
which can combine with chain links. That so many fire-extinguishing 
agents contain halogen is significant not only on account of the shielding 
effect arising from high density but also because their ^ctronegative 
pyrolytic products (chlorine atoms and molecules) suppress the con- 
centration of chain links such as H and H,. 

Dr. G. Whltdn^ham (Leatherhead) {communicated) : The appearance 
of electronically-excited CBr radicals in flames contaimng methyl bromide 
and the production of a smoky flame when relatively large concentrations 
of CH,Br are used suggests t^t the pyrol3rsi8 and combustion of CH,Br 
play a large part m determining its role as a fire extinction agent. Owing 
to the complexity of side reactions likely to take place the p3rrolysis of 
CH,Br has not received much attention but Meissner and Schumacher ■■ 
found that the principal decomposition products were CH4, HBr and 
carbon. They consider^ that the primary dissociation was 

CH,Br = CH, -f HBr, 

the methylene radicals then disproportionating to CH4 and carbon : 

CH, -f CH, = C + CH4. 

The introduction of a bromine atom into the methane molecule brings 
about marked changes in the reactivity to oxygen.*' Whereas CH4 — O, 
mixtures, at temperatures of the order of 50^00" c., undergo reaction 
dfter long induction periods, .similar CH,Br-^, mixtures attain e:q)losive 
velocities after a very short induction period. Moreover the peninsula 
of inflammation, extending to low temperatures, observed in the ignition 
of certain CH* — O, mixtures is ala^t with CH,Br — O, inixtures of 
corresponding composition. The presence of this penmsnla is usually 
attributed to the combustion of CO and H,, products of the primary 
combustion of CH*, and its absence in the ignition of CH,Br — O, mixtures 
is considered to be due to the destruction of H atoms or OH radicals by 
HBr and Br, produced iu the piimaiy combustion of CH,Br. As Dr. 
Gaydon and I1&. Coleman suggest, one product of these chain-breaking 
processes could be BrO radical. 

Whilst it is evident that chains develop at a high speed in the com- 
bustion of CH,Br it is not easy to see how excited CBr radicals could 
arise from the reactions of such species as O atoms or OH radicals with 
CH,Br molecules. The stripping of H atoms sucoessivdy from CH^z’ 
by OH radicals would eventually produce CBr but thfi reaction 

CHBr + OH « CBr -f- H ,0 

is almost thermo-neutral. It would be interesting to see whether the 

u Dufraisse and Horclois, Compt. rend., r93r, 193, 5(14. 
u Baaghatn, Trans, Faraday Soc., 4 ^t 376 * 

** Meissner and Schumacher, Z. ihysth. Cham,, I940« 1S5, 435. 

** Whittingham, Thesis (Cambridge, r942). 
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intensity of the CH bands in methane flames is influenced by the addition 
of HBr or Br, as the reactions 

CH + Br. = CBr + HBr 
CH + HBr = CBr + H, 

are exothermic to the extent of 25 heal, and 7 kcal. respectively. 

Dr. £. H. Coleman and Dr. A. G. Gaydon (Lonion) {communicated) ; 
Dr. Whittingham points out the thermal neutrality of the reaction yielding 
CBr. Our provisional assignment of the emitter to CBr is not supported 
by further work which shows that the bands are due to Br,. With methyl 
ic^de and chloride we have obtained the corresponding bauds of I, at 
3^25 A. and Clg at 2580 a. Dr. Wieland stresses the importance of 
absorption spectra. For following combustion processes, however, there 
are two difiELculties ; firstly, the small concentrations and i^ort path lengths, 
and secondly, the radicals excited by chemiluminescence have such a high 
efEective temperature that it is dhOdcuIt to obtain a sufficiently hot back- 
ground source to give reversal. 


III.— THE LIQUID PHASE. 

INTRODUCTORY SURVEY. 

By W. a. Waters. 

Received 12th Sef>temher, 1947. 

Only ten years have elapsed since the possibility that free radicals might 
be concerned in a few, somewhat abnormal, reactions in solution was :tet 
reviewed,^ and in this period knowledge of homol3rtic reactions in solution 
has advanced at an astonishing rate. The greatest development of the 
subject lies in the field of polymerisation chemistry, which is being accorded 
specialised treatment at this meeting, but it is worth while to recall now 
that the present quantitative development of this technically important 
subject has depended upon the outcome of those exploratory studies of 
the reactions of dibenzoyl peroxide which indicated that it yielded hee 
neutral phenyl radicals in solution, and which showed that these active 
radicals then initiated reaction-chains which, with olefines involved 
radical addition to one end of a double bond, and with saturated mole- 
cules involved atom transfer whereby one free radical was converted into 
another. The respective roles of solvmit and solute molecules then became 
clear, it was seen that the circumstances under which dissolved sub- 
stances might act as retarders, or inhib itors, of the reaction-chain depended 
essentially upon the intrinsic energy contents of the free radicals which 
they might generate.* 

To-day the study of polymerisation chemistry has developed so rapidly 
that it has beconoe the main source of exact ii^ormation concerning the 
degree of reactivity of any specific free radical in solution. It is to be 
hoped, therefore, t^t the intense spedaliaation which is occurr^ in this 
field will not be such as to obscure the general applicability of its quanti- 
tative condumons concerning free-radical kinetics. Many other important 
reactions, 'as for instance oxidation processes, can be explained by the 
use of the aama fundamental theories, and the^ development will largdy 
depend upon the extent to which their quantitative aspects can be elucid- 
ated. Already papers presented at this meeting are indicating how this 
can be done. The contribution of Dr. BoUand and Dr. ten Have (p. 252) 

1 Hey and Waters, Chem. Rev,, 1937, 21, 186. 

■Waters, Trtms, Faraday Soe., 1941, 37 i 770- 
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gives us a very striking instance of the way in which an exact kinetic 
study can identify as R — O — O" the essentikl free radical concerned in 
what is eifter all a very complicated reaction process, whilst the paper by 
Miss Stead and Dr. Denbigh (p. 263) deserves consideration in that it 
may give us a helpful new technique for investigating labile molecules 
of interest. 

New methods of producing free radicals in solution should alwa3rs 
receive particular attention, smce they constitute the starting-points of 
new avenues of research. Photolytic processes in solution, au( 3 i as those 
described by Mr. Olearts and Prof. Jungers (p. 222) have as yet received 
far too little study, whilst the decompositiona of very unstable organo- 
metaUic compounds which are describe by Dr. Bawn and Mr. Whitby 
(p. 228). ofEer almost unlimited scope to the organic chemist. Coming 
from quite another angle. Dr. Mann’s* paper (p. 236} gives us a reminder 
that there can be many types of electron-deficient labfie molecules besides 
the analogues of free metiiyl or free phenyl with which we are now fairly 
well acquainted. 

We are stai in the exploratory stage of free-radical chemistry, in which 
certain reactions, as, for instance, the Cannizzaro reaction axe for a time 
thought to be free-raidical processes,* and then turn out to be substantially 
otherwise * whilst others, somewhat unexpectedly, dp seem to have some 
free-radical character. It is as ezploratc^ studies that we should view 
the contributions of Prof. Fieser (p. 242) and of Dr. Birch (p. 246), which 
deal with oxidation and reduction processes respectively. Both these 
papers give valuable indications as to what are the critical centres at which 
complex molecules can be attacked by electron-abstracting and electron- 
supplying reagents, and though the observable reaction-product is rarely 
of fre^radical character there is still a good reason to believe that the 
initial change may be a one-electron process. 

Only two years ago the Faraday Society, at a meeting in London, 
heard an interesting exploratory paper which dealt with a process of 
" reduction-activation ” ■ whereby peroxides and persulphates could be- 
come polymerisation catalysts. One of these recuction-activations was 
then shown by Baxendale, Evans and Park * to be a om-eleciyon transfer 
process in which a ferrous ion disrupted the weak O — O link of hydrogen 
peroxide, and set free the intensely reactive free radical hydroxyl, *OH. 

Seve]^ years before this Haber and Weiss * had postulated the same 
electron-transfer reaction, viz., 

Fe-H- + HO— OH — ► Fe+++ + (HO:)- -h 'OH 

as one of the chain-starting processes involved in the catalase type of 
decomposition of hydrogen peroxide to oxygen and water, and in a series 
of speculative papers Weiss had developed the view that peroxidase oxida- 
tions also involve this radical, but not until Evans and his colleagues 
diowed that free hydroxyl was a t3^ical polymerisation catalyst, which 
became incorporated into the end groups of the resulting pol3rmerised 
products • were these* views firmly substmitiated in such a way that the 
Haber- Wei^ conception could be developed quantitatively. To-day 
we can see quite clearly the great significance of one-election transfer 
processes. 

Dr. George (p. 196) has shown that the original Haber-Weiss scheme 
for the catalase decomposition of hydrogen peroxide is not quite correct 
by studying the particular properties of the HO/ radical, which can be 

■Cf. Weiss, Trans. Faraday Soc., I94r, 37, 782. 

* Alexander, J. Amor. Cham., Soc,, xg47, 69, 289. 

* Bacon. Trans. Faraday Soc., X946, 42, 140. 

•Ibid., r946, 43, 155. 

* Haber and Weiss, Proc. Roy. Soc,, A. rg34, 147, 333. 

* Evans, J, Cham. Soc., X94.7, 966. 
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obtained from that curious substance, potassium peroxide, KO|, and^ his 
work will interest all those who are concerned with the decompositions 
of organic peroxides. 

Dr. Weiss (p. i88) and the writer (p. 179) have concerned themselves 
with specific reactions of the free hychroxyl radical, and in consequence 
have established the occurrence, in aqueous solution, of a whole, series of 
now free radicals, such as 'OOC — COOH from oxalic add, R'CH — OH 
and R"C — OH from alcohols, and R — C =0 from aldehydes; the last of 
these had previously been encountered (though not hydrated) as a transient 
photochemical decomposition product of sddehyde and ketone vapoura. 
In addition to demonstrating the free-radical nature of oxidations in- 
volving peroxides, the quantitative aspects of these papers are valuable, 
for they indicate how the rates of the various reactions of free hydroxyl, 
such as addition to C=C or abstraction of hj^drogen.from H — C, can all 
be compared by reference to one standard reaction, i.e. the electron transfer ; 

Fe++ 4- 'OH ► Fe+++ -f- (:OH)-. 

Thus, in the past two years quantitative chemistry has made another big 
stride forward towards the interpretation of what has hitherto been one of 
the most puzzling of all groups of catalysed reactions ; i.e. oxidase S37Steins. 
So many Tnpfhfl.lliV. j and other ions, can imdei^o one^ectron oxidation or 
reduction, that it may not be too rash a prediction to suggert that here, 
in this meeting’s papers, we shall find the underlying theoretical explana- 
tions of the actions of most of those trace elements which are so important 
in biochemistry, and so vitally significant in relation to both medicine and 
agriculture. 

Still another feature of these papers on free-radical reactions in aqu^us 
solution deserves special co3aiment. The free hydroxyl radical is particu- 
larly important in water, because any more active radical which we may 
manage to generate in water would immediately be converted to free 
hydroxyl by chain transfer of the type : 

R. + H— OH — ► R— H + •on 
(compare, CL* (atomic) -}- H — OH — ► HCl -f ’OH) 
whereupon hydroxyl will have an appa/yoiftly long existence on account 
of solvent exchange : 

HO* -f H— OH ^ HO—K 4 - 'OH. 

If, however, our aqueous solution contains a solute molecule, R — O H 
(e.g. an alcohol) or an anion X“ (e.g. I~) which by hydrogen, or electron 
abstraction gives a less reactive free radical t h a n hydroxyl then a similar 
chain transfer will occur,' e.g. 

HO* + 1 - — ► (HO:) -H I“. 

Employing the terminology of investigators of polymerisation, we would 
describe these molecules, or ions, as retarders, or, if they are sufficiently 
distinct, as inhibitors of our oxidase systems. Effects of inhibiting or 
poisoning agents ate recorded in abundance in the vast literature of enzyme 
chemistry, and it may well be that we shall soon be able to explain them, 
and perhaps also be able to account for much of the specificity of mzyuie 
ty ridatinriH , in the light of our studies of c hai n transfer.^' Polymerisation 
research is showing us that even a small change of an activation energy, 
or of a reaction vdodty constant, can vastly change the nature of the 
finfl-l product in a s yst e m in which there are only two competing chaffi 
reactants (e.g. two monomeric olefines in a co-polymerisation process), 
anil that in consequence careful quantitative work is needed before com- 
petitive reactions really be understood. In future it will th^e- 
fbre be esstmtial to pay an equally careful attention to the quantitative 
aspects of electron-transfer chemistry. 

• Cf. ret z. “ Cf- Waters, Trans. Faraday Soc., 1943, 39 i 
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Our theoretical information as to the energy contents of free radicals 
is undoubtedly of great value, but it is only by measuring reaction velocities, 
and activation energies, for free-radical processes in solution that we can 
hope to answer the vital question as to how much the reactivity of a free 
rascal is a function of its environment. It has been suggested * that the 
electrical neutrality of a radical makes its reactivity fu less dependent 
upon the polar nature of the solvent which surrounds it than is the case 
with a reacting ion, but though it may be reasonably justifiable to neglect 
the environmental influence of free radicals in non-polar solvents, such 
as hydrocarbons, this simplification is certainly inadmissible for reactions 
in polar solvents such as water, which may even solvate our labile mole- 
cules. For these reasons we must beware of letting speculations run 
far ahead of experimental research in this most promising, new field of 
chemistry. The following papers, however, present so muc^ that is novel 
that it may not be long b^ore we find that its subject matter forms the 
basis of an entire future meeting of the Faraday Society. 

Dyson Perrtns Laboratories, 

Oxford. 


A.— ELECTRON-TRANSFER REACTIONS. 

THE MECHANISM OF OXIDATION OF ALCOHOLS 
WITH FENTON»S REAGENT. 

By J. H. Mbrz and William A. Waters. 

Received yrd July, 1947. 

One of us ^ has already pointed out that chain-reaction schemes in- 
volving free hydroxyl radicsds can provide satisfiuitory qualitative ex- 
planations of Fenton's reactions ■ wh^eby polyhydric alcohols, a-hydroxy 
acids and carbohydrates have been oxidised rapidly by cold hydrogen 
peroxide in the presence of a ferrous salt. This reaction has hitherto 
received but little quantitative study. The numerous experiments of 
Wieland and Ms colleagues * are unfortunately of but little value to-day, 
since these workers used a large excess of hydrogen peroxide, wMch 
appreciably attacked the products of the initial iron-catalysed oxidation. 
Of more vMue is the work of Goldschmidt and Faimcz * who showed that 
(contrary to the statements of Fenton •• who used an excess of hydrogen 
peroxide and therefore failed to detect aldehyde) even the simple mono- 
hydric alcohols are rapidly oxidised by cold hydrogen peroxide in the 
jnesence of any ferrous salt. They showed that the reaction was not due 
to peroxides of iron, and consider^ that the process was a chain reaction 
involving the same reactive intermediate as that wMch is concerned in 
the “ catalase " decomposition : 211,0, = 2H,0 -|- O,. They also showed 
that the ratio (alcohol oxidised) /(Fe++ oxidised) could be greater than unity. 

More recently, Baxendale, Evans and Park,” in a few brief experiments 
have shown that the active agent — the hydroxyl radical, -OH — concerned 
m initiating the chain polymerisation of olefi:^ by hydrogen peroxide, 
is identical with that wMch eflects the rapid oxidation of gl3rcol]ic acM. 

* Waters, The Chemistry of Free Radicals (Oxford, 1946), pp. 247-52. 

• (a) Fenton, J. Chem. Soc., 1899, 75, i ; (6) Fenton, ibta., 18^, 65, 899 ; 
1895. 67» 775 ; (c) Fenton, ibid., 1900, 77, 69. 

> Wieland and Franks, Annalen, 1927, 457, z. 

< Goldschmidt and Paunez, ibid., 1933, 50a, i. 

' Baxendale, Evans and Park, Trans. Farday Soc., 1946, 43, 155. 
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OXIDATION OF ALCOHOLS 


We have confiimed that the simple water-soluble alcohols are all 
oxidised rapidly by Fenton's reagent : the primary alcohols yield alde- 
hydes which are further oxidised, at comparable rates, by exactly the 
same mechanism. By adopting the technique of adding a known quantity 
of hydrogen peroxide, or sodium persulphate, solution to a mixture of an 
alcohol and a ferrous salt, so that only a portion of the latter was oxidised, 
and tlicn, when reaction had ceased, estimating iron colorimetrically 
(Fe''+*' by thiocyanate and Fe^+ by aa'-dipyndyl) we have been able 
both to establish the mechanism of the oxidation process, and to compare 
the velocity constants for the oxidation of different alcohols. This simple 
procedure is one which we hope to extend to the study of the oxidation 
of organic compounds of other types. As yet our experiments have been 
carried out only at room temperature (cat. i8® c.) in dilute aqueous solu- 
tions of known p^L, the majority of them being conducted in tiie presence 
of sufficient sulphuric add to maintoin pis. — i, at which point the ^dency 
of alcohol oxidation apparently reaches a Tua-ginmiTn . 

Persulphate Oxidation— 

The Simple Reaction Mechanism — 

The reaction sequence : 

Chain starting : 

Fe++ + S,0,- > Fe+++ -f -SO*" -|- (: SO.)- . . (i) 

Chain ending : Fe++ + *30*“ — - » Fe+++ -1- (: SO*)- . , • (2) 

Oxidation f -SO*- R— CH.OH - Jf_ HSO*- + R— CH— OH . (3) 

Chain : \r_cH— OH -f- S.Oe* -ii-* R— CHO -|- HSO*- -f -SO*- (4) 

accords quite weU. with experimental measurements for the oxidation of 
alcohols in concentrations up to 20 % with o*oi n. sodium persulphate 
in the presence of an excess of ferrous ammonium sulphate. 

From the above equations we can easily derive the expressions 

[SO4-] = [S A-] ; [R-CH-OH] - |^[R-CH,OH] 

and - d[Rai AI] ^ . [S.O,-] 

- d^e++] ^ ^ 

whence we may deduce that, if this simple chain mechanism holds, 


- dCR— CH,OH] ft, [R— CH,OH] 


. (A) 

-d[Fe++] “ 2ft, [Fe++] 


-d[S, 0 ,-] , . ft, i:r-ch,oh] 

- d[Fe++] * ' 2ft, ' CFe++] 

■ 

(B) 

-d[S.O,-] , . ft. [Fe-H-] 

- d[RCH,OH] ‘ ft, ■ [R— CH,OH] 

• 

. (C) 


If calculations are made in eguivaients throughout, the right-hand sides 
of equations (A) and (B) have to be multipli^ by 2. Equation (C) is 
not ^tered. 

Consequently, if onr interpretation of the reaction-mechanism is correct, 
the ratios — d(RCH|OH) /— d(Fe++), etc., should all be independent of 
the rate of addition of t^ pex^phate to the reaction mixture. This is 
indeed the case : the same amount of ferrous iron is oxidised whether the 
oxidiser is added dropwise or rapidly to the alcohdl-feirous salt mixture. 
However, if a ferrous salt is added to an alcohol-hydrogen peroxide, or 
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to an alcohol-persulphate mixture (as in some of Widand’s experiments) 
then the amount of alcohol which is rapidly oxidised is not reproducible, 
but depends on the rate of addition of the ferrous salt. Under these 
conditions we may frequently approach the limit [Fe++-] o, for which 
the ratio — d[RCHgOH]/— dpB'e++] becomes infinity. 

Nevertheless, this reverse proc^ure of adding a ferrous salt solution 
dropwise to a reactant-peroxide mixture is, preparativedy, the most efficient 
me&od of oxidising any substance with Fenton's reagent. Chain-lengths 
of many btmdreds can be attained for alcohol oxidation in this way. 

If, however, we adopt the less efficient, but reproducible, oxidation 
procedure, and allow sufficient time for the complete destruction of the 



Fio, 3. Fig. 4. 


Fig. 1-4. — Oxidation of EtOH with NaiSgO, in o-i n. H,S 0 *. 

Fig. 1-3. — ^Each mixture contained zo ml. of o-i m. ferrous ammonium sulphate, 
and was treated with 3 ml. of O'l M. persulphate, the total vol..being kept at 

50 ml. in each case. 

Fig. 4. — ^The integrated eiqoression (D). 

10 ml. of O'Z N. Fe'i"*' in each case. 

Points O 2*5 ml. of o*i N. persulphate. 

X 5*0 ml. „ 

A lo-o ml. „ 

pemulphate or peroxide (only a few seconds in the case of hydrogen per- 
oxide itsdf), keeping Fe++ in excess, then, to a first approximation we can 
take 

- d[R— CH,OH] AR— CH,OH AS, 0 ,- - AFe++ ^ 

-d[Fe++] - AFe++ “ AFe++ ' 

where — AFe++ 4- AFe+++ = ferric ion formed and -- AS^Oa” = per- 
sulphate added, and can correlate these with the initial concentrations of 
alcohol and Fe++ in our solutions. 

Fig. 1-3 show that equations (A), (B), and (C) hold quite satisfactorily 
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for the persulphate oxidation of ethyl alcohol at concentrationa up to 
150 though at higher alcohol concentrations a different chain-ending 
evidently comes in to limit the value of the AR— CHaOH/AFe++ ratio. 

It is more accurate, however, to use equations (A), etc., in their integrated 
forms : 


log 


[R--CH,OH), _ ^ (Fe-H-), 

[R— CHaOH)„ ~ 2 h, ^ (Fe++). ' 


(D) 


where [R — CHjOH]^ and (Fe'^^')* are the final concentrations of alcohol 
and ferrous ion, and [SgOg"]* is of course zero. 

Fig, 4 ^ows that data obtained by adding different amounts of per- 
sulphate to alcohol-ferrous ammonium sulphate mixtures all lead to the 
same value for the ratio k^/k,. 


Hydrogen Peroxide Oxidation. 

— The Simple Reactloa Mechanism. — ^An exactly ainniift r set of 
equations to (i) to (4) can bo set up for oxidation with hydrogen peroxide 

in aedd solution, merely by 
replacing ‘OH for the sul- 
phateradical-ion -O — SO,-, 
for under these circum- 
stances the decomposition 
of the hydro-peroxide 
anion by ferric salts : 
Fe+++ -1- HO,“ ->■ Fe++ 4- 
HO — O*, which leads to 
" Catalan " decomposi- 
tion* becomes negligible. 
Our experiments have 
shown that hydrogen 
peroxide is a more power- 
ful oxidiser than per- 
sulphate, giving, for e^yl 
alcohol, a ratio hafk^ = 2*0 
instead of 0*006 at similar 
concentrations. 

Even at low alcohol 
10 ml. of O'l N. Fo++ in 50 ml. of each mixture, concentrations, however, 

■Oxidation with 10 ml. of 0*05 n. H, 0 ,. there is a departure from 

the linftfl.r r^tionships 
corresponding to eqn. (A)-(D), and though considerably more t han 50 % of 
the hydrogen peroxide reacts with the alcohol, the efiffciency of alcohol 
n-gidfl-finn tRoda to fall off, and apparently approaches a defimte upp^ limit 
at high alcohol concentrations. 

The deviation from the linear relationships are due to atleast two causra : 
e.g. (fl) the occurrence of other chain-ending reactions, and (6) consecutive 
oxidation of aldehyde to carboxylic add. 

Fig. 5 shows that acetaldehyde (initially peroxide-free) behaves in. a 
ainniia.r mfl-irri ftr to ethyl alcohol, and that at low conc^trations «opropyl 
al cohol , which yields acetone which is not further oxidised, satisfies the 
iMTinplft fihai-n--mftchn.Tiis Tn quite satisfactorily. 

2. Alternative Ghaln-endings. — ^Fig. 5 indicates that at high alcohol 
concentrations the alcohol-radical concentration [R — QH — OH] cannot 
continue to increase linearly with [R — CH,OH] in accordance with the 
rdaiionsihip 

jR— ^HOH] = CH, 0 H]. 

•Haber and Weiss, Proe. Roy. Soc., A, Z934t I 47 » 33 ® ’• -S* I 943 . 47 * 



Fig. 5. — Oxidation with hydrogen peroxide. 
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Possible expla n atio n s of this are the following. 

(i) Oxidatton of ihe alcohol, or of tts radical by ferric ions, 

e.g. R— CHOH + Fe+++ ► R— CHO + Fe-H- + H+. 

Oxidations of this type were postulated in the onginal schemes of Haber 
and Willstatter Table I, however, shows that ihey do not occur, since 
the mean consumption ratio — AEtOH/ — AFe''+ is not significantly 
altered by adding a large excess of ferric sulphate. 


TABLE I 


Total volume = 55 ml. in each case. Pe++ estimated with dipyridyl : 10 ml. 
of O’ I N. Fe++ and 10 ml. of 0*1 N. H^O, m each case. The ratios are given 
in equivalents throughout. 


EtOH/Fe++ 

1*0 

I'O 

2*5 

2-5 

ml. M./2 Fe+++ added 

— 

10 

— 

10 

AEtOH /AFe++ foimd. 

2-84 

2-51 

4-93 

4’6o 


(ii) Chainrending by reaction between alcohol and hydroxyl radicals, 

e.g. R— CHOH 4 - -OH-iUR— CH0 + H,0. . . ( 5 ) 

Under the conditions of the experiments, in which [Fe++] is alwa3n3 
present in much higher concentration than that of either of the radicals, 
it is exceedingly improbable that (5) should occur extensively in preference 
to (2). 

However, if we consider that (5) replaces (2) as the chain-ending, but 
that at high alcohol concentrations (5) occurs much less frequently than 
either (3) or (4), then approximately 


-d[EtOH] 
- d[Fe++] 


should become 0*5 



X 


[EtOHJ xi 
[Fe++]; • 


This fails to account for one of the distinctive features of the oxidation 
at hi gh alcohol concentrations — ^the variation of the consumption ratio 
with the amount of oxidising agent used. 

If, however, (5) occurs in place of {4) — ^i.e. if we are not dealing with 
a nhain oxidation but with a two-stage oxidation of alcohol by hythoxyl 
radicals, then we should find the relationship 

- d[H, 0 J _ „ , ft, [Fe++] 

- d[EtOH] Ag pEtOH] 

in place of that of eqn. (C}. That this condition does not hold has been 
shown graphically, from experiments, though indeed it is obvious since 
more alcohol than iron can be oxidised by Fenton's reagent. 

Hence chain-ending (5) can be discounted as a major reaction. 

(iii) DisproporHonation of alcohol radicals, 

i.e. 2R— CH-^H . ..*?> R— CHO + R^H,OH . . (6) 


Clearly this will tend to become more and more probable the higher 
the alcohol concentration. Moreover reactions of this type account most 
satisfactorily for glycol-splitting by Fenton’s reagent.** • For a reaction 
sequence involving equations (i), (3), (4) and (6) 


- (i[R— CH,OH] 
— d[Fe++] 


A*.(. 


[H.OJ 


AiA,[Fe++]; 


P) 


— a rdationship which is independent of the alcohol concentration but 


* Haber and Willst&tter, Ber., 1931, 64, 2844. 

* WateiB, Trans. Farad^ Soc., 1946, 185. 

* Waters, Nature, X946, 158, 380. 
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dependent upon that of the oxidising agent. This does seem to approxi- 
mate more closely to the facts than either of the hypotheses (i) or (ii). The 
true state of aiiairs, in which both reactions (2) and (6) must be considered 
as cham-ending processes, contains too many variables for complete 
analysis. 


• The Effect of Dilution. 

It has been noticed that the mean consumption ratio, 
AR--CH,OH/AFe++ 

decreases if the initial reaction mixture is diluted with water or acid. 
Tables II and III show typical results. 

None of the eqn. (i) to (5) can account for this change, for they are 
all first-order processes with respect to alcohol, iron and oxidiser individu- 
ally, and so 1(^ to ratios (A) to (C), which are functions of relative, and 
not absolute, concentrations of reactants. 

TABLE II 

Dilution Eftbct for. Psrsulphats Oxidation 


Reaction mixture := 10 ml. 0*2 n. Fe++ ; 5 ml. 3 m. EtOH ; 10 ml. o*i n. Na«S|Og. 
Dilution made with i N. HaSO<. 


Final volume (ml.) 

25 

50 

73 

10 

125 

150 

(Sj^O,-) at r, (N.) . 

0*04 

0‘02 

0-0133 

0-0 1 

0-008 

0-0067 

AEtOH . 

(Eqiv.) . ! 

0*20 

o*l6 

0-136 

O-IO 

0-095 

0-067 


TABLE III 

Dilution Effbct for Hydrogbn Psroxwb Oxidation 
(A) At High Alcohol Coruxtitrahons. 

Reaction mixture = 5 ml. o-i n, Fo++ ; 6 ml. 5 m. EtOH ; 5 ml. O'os n. H^Oi 
Dilution made with 0'2 N. HiSO^. 

For aeries (i) [EtOH]/[Fo++] = 60 ; for aeries (ii) 120 equiv. 


Final vol. (ml.) . 

20 

30 

50 

100 

140 


0-0125 

0-0083 

0-005 

0-0025 

0-0018 

(0 (eq-v.) . 

6-49 

5-99 

4-22 

3*35 

1-54 

(ii) 

6^75 

6-14 

4*45 

2-56 

1-64 


(J3) At Low Alcohol C(yncontrations. 

Reaction mixture = 5 ml. o’l n. Fe"*"*" ; 6 ml. M./12 EtOH ; 5 0*05 N. H| 0 |. 

Dilution made ^vith 0*2 n. H1SO4. 

For series (i) (EtOH)/(Fe++) = I'O ; for series (ii), 2-0 equiv. 


l^nalvoL (ml.) 

20 

40 

60 

100 


0-0125 

0-00625 

0-0042 

0-0025 


1-97 

1*54 

1-31 

0-85 

J(ii) 

2-85 

2*53 

1-94 

1-22 


However, as one of us has frequently pointed out ^ the reaction 
between an alcohol molecule and a h3rdroxyl radical may he reversible, 

’Waters, Trams. FaarauU^ Soc., 1941 , 37» 779* 
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although the equilibrium is certainly very much in the direction of oxidar 
tion of the alcohol. Thus for hy^ogen peroxide oxidation we should 
■write, in place of (3), the equihbrium 

R— CH,OH + -OH ^ R— gHOH + H— OH. . (s') 

For persulphate oxidation the reverse reaction is identical ■with that 
of (3') above, and involves production of a httle free hydroxyl. Conse- 
quently the persulphate and peroxide reactions cannot be entirely differ- 
entiated from one another. It is indeed possible that the sulphate radical- 
ion, -SO*- (i.e. 'O — SOg — 0:~) may, in a similar way be converted to 
hydroxyl radical,* by the occurrence of -SO^- -f H ,0 ?=»»» HSO,- + >OH 



Fig. 7. — ^Dilution effect -with 
h3Pdrogen peroxide. 
Reagents, 3 ml. of o-r n. Fe++ ; 

5 ml. of 0*05 N. H|Og. 

though the great difference between the values of the ratio Ag/Ag for the per- 
sulphate and perpxide oxidations indicates that the reactions of type (3) 
are not the same in both cases. 

If we introduce a reversible reaction (3') into our kinetic equations 
then the net effect is that at high water concentrations (high dilution) 
we should tend to re-form much of our alcohol from alcohol radicals, ■with 
a consequent decrease of the efficiency of the oxidation process. The 
full kinetic expression for this is 

-dCR— CHgOH] k, [R-CH,OH] / \ 

- dCFe++] “ 2A, * {:Fe++] * U + Ag/Ag'pH.Oj; ^ ^ 

If the term kjk ^' . [H,Og] is large. i,e. if Ag >• Ag' or if the concentration 
of the oxidising agent is high, then equation (£} reduces to equation (A). 
At very low concentrations of the oxidising agent, howe-ver, the con- 
sumption ratio should become proportional to the concentration of the 
oxidising agent. Fig. 6 and 7 show that this is valid. Moreover, as shown 
by Table TV, we can counteract tto '* dilution effect ” quite simply by 

TABLE IV 

Compensation for Dilution Effect by using a Constant Concentration 

OF OxinisER. 

Reaction mixture == 10 ml. o-i N. Fe++ ; 3 ml. EtOH ; pK kept constant (=» i) 
with HgSOg. (NogSgOg) maintained at as n./so. 


Final ■voL (ml.) 

20 

40 

60 

80 

XOO 

120 

SgOg- used (nu. of N./ao) 

5 

10 

15 

20 

*5 

30 

AFe^^ . . 1 

wy? 

j.'uy 

J.-U3 

j.'U4 

X'XIU 

X'UO 


Fig. 6. — ^Dilution effect -with NagS,Og. 

Reagents, 10 ml. 0*2 n. Fe+^*- ; 10 ml. 
of o*x N. NagSgOg. 
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increasing the concentration of our oxidising agent proportionally to the 
dilution of the reaction mixture. 

The Nature of the Alcohol Radical. 

The primary reaction (3) between a hydroxyl radical and an alcohol 
molecule can be written ei^er as (a) or as (2>) : 

[а) R— CHr-OH -f -OH R— CH— OH + H— OH (cf. 3) 

(б) R— CH,— OH + -OH ^ R— CHr- 0 - + H— OH. 

The exact formulation of the alcohol radical is a moot point particularly 
since the possibility of tautomerism must be conceded.^^ Reaction (a) 
accords with the isuct that in isolated alcohol molecules the C — ^H bond 
is weaker than the O — ^H bond ; only reaction ( 2 >) satisfactorily explains 
gl}rcol fission. 

Formulation (a) has been used in the preceding pages because it is 
difficult to conceive that a monovalent oxygen mdic^, R — CH, — O* could 
attack either molecular hydrogen peroxide, or the persiilphate anion, 
and surrender an additional diectron, for this wrould give an ox3rgen cation, 
R — CH, — 0 +. On the contrary, R — CH, — O* sho^d, like hjrdroxyl, be 
an oxidising agent. A trivalent carbon radical, R — CH — OH, however, 
can easily lose one more electron to give a cation which is the proton 
adduct of an aldehyde : 

r_<^__OH + -OH — ► p.— CH— OH + (:OH)- (cf. 5) 
r_CH_ 0 — H R— CH =0 + H+ 

or, alternatively, it could add on hydroxyl radical to give the hydrated 
form of the aldehyde 

R— CH— OH 4 - -OH .. R— CH(OH), ^ R— CH =.0 + H.O. 

Reactions in which single electrons are given up to, or hydroxyl radicals 
abstracted from, hydrogen peroxide mol^mles can be formulated similarly, 
without difficuliy, and these certainly do occur, as process (4) in the simple 
chain mechanism. 

On tbe other hand, the " dilution eftect " is most simply represented as 
R— CH,— O- + H— OH ^ R-CHr-O— H + OH. 

We therefore conclude that, in water, the alcohol radical is a tautomeric 
system in which the trivalent carbon form predominates. 

In view of Wieland's evidence of the oxidation of aldeh3rdes only in 
their hydrated forms, R — CH(OH),, we are fiu>ed with the same alter- 
natives concerning the structure of the aldehyde radical. The structure 
R — C =0 is an improbable one. 

Relative Rates of Oxidation of Homologous Alcohols. 

Rqn. (A) and (D) allow us to evaluate the ratio Consequently 

if we tahe a series of alcohols, and oxidise them at tiie same degree of 
dilution, wo can get relative v^ues of the velocity constant for the 
iTii-Ha.1 abstraction of h3pdrogen from the alcohol molecule either by hue 
hydroxyl or by the sulphate radical-ion. Comparative rates of addition 
of hydroxyl r^cals to double bonds have been measured by Baxendale. 
Rvans and Park ' in exactly the same way, and are noticeably hi^er 
than onr rains of oxidation. 

Table Y gives values for these constants for persulphate oxidation, 
under conditions in which equation (D) is valid. 

^ WateiB, J. Chem. Soc., 1946. 1153. 

M vvieiand and Richter, AtmaJen, 1933. 495, 384. 
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The order iso-Propyl > n-Propyl = Ethyl > Methyl is the expected 
order for electron release at the C — bond of the carbinol group, ginrft 
alkyl substituents will tend to increase the electron-density at this carbon 

atom by their general inductive effect CH, — CH,OH. 

In the case of oxidation with hydrogen peroxide, our experiments 
indicate that the relative rates of oxidation of the different alcohols change 
with changing concentration ratios (dl. Fig. 5). Alternative chain endings, 

TABLE V 

Rblative Vblocity of Oxidation of Alcohols by the SO4- Radical- 

ion. 


Alcohol . . CHjOH; C,H,OH; »— C,H»OH ; mo-C,H,OH 

Aa/Aa . . 0*0022 0*0062 0*0061 o*oo8g 


and, more particularly, the consecutive oxidations of aldehydes to adds 
vitiate attempts to determine accurate relative velodty constants. Table 
VI, however, gives one set of relative figures made at one (identical) dilution 
at which equation (A) is still approximatdy true. 

Even imder the^ conditions (actually taking equiv. substance/equiv. 
Fe++ = i) the figures for the oxidations of the primary alcohols are those 
for oxidation of (alcohol -|- alddiyde). For the persulphate oxidations 
the ratios htjht are so low that we can use high initial (alcohol) /(Fe++) 

TABLE VI 

Relative VsLoaTY of Oxidation of Alcohols and Aldehydes with 

Hydroxyl Radical 


Substance CH,OH ; C,H,OH ; »-C,H,OH ; mo-C,H»OH ; CH ,0 ; CHr-CHO 
A,/Aj. . 1*14 2*05 1*30 1*77 1*04 1-08 


ratios, and minimise errors due to oxidation of the small parentage of 
aldeh37de which may be formed. 

The isjct that the relative velodty constants for the alcohol and the 
aldehyde oxidations are so comparable is further evidence in favour of 
the view that the aldehydes read: in their hydrated forms, R — CH{OH)*. 

Summary. 

The mechanism of the oxidation of alcohols and of aldehydes with sodium 
persulphate, and with hydrogen peroxide, in the presence of an excess of a ferrous 
salt has been ^own, by quantiintive measurements, to be as follows : 

nhnin starting : 

Fe++ -I- HO— OH — ► Fo+++ -|- -OH + {: OH)-. 

Reaction chain: 

RCH,OH -f *OH ^ R— CHOH -|- H— OH (ro-versible) 

R— CHOH + HO— OH — >• R— CHO + -OH -|- H ,0 
Chain ending at low alcohol concentrations ; 

Fe++ + -OH — »- Fe+++ + {: OH)- 
Chadn ending at high alcohol concentrations : 

2R — CHOH — ► R — CHO -I- R — CH,OH (diproportionation) 

It is possible, by this reaction, to determine the relative rates of hydrogen 
atom removal from diSeient alcohols or alddiydes. 
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R68um6. 

Des mosures quantitatives out inontr6 qn’il est possible de repr^senter lo 
mdcanismo do I'oxydation des alcools et des alddhydes par le persul&ite de sodium 
et par I’ean oxyg6nde, en presence d'un exc^ de sel ferieux, ^ la fa9on suivaute : 

Commencement de la chalnc : 

Fe+ ^ + HO— OH — ►Fef<-++ + OH + (: OH)- 
Rdactions de la chatne : 

RCH«OH + -OH RCHOH + H— OH (reversible) 

R— CHOH + HO— OH — ► RCHO + -OH + H ,0 
Terminaison de la chalne aux iaibles concentrations d’alcool : 

Fe++ + -OH ► Fe+++ + {: OH)- 

Tenninaison de la chalne aux fortes concentrations d'alcool : 

2 R — £hOH — -»■ R — CHO 4 ” R — CHjOH (dismutation) 

Cette reaction permet de determiner les vitesaes relatives auxquelles un 
atome d’hydrog^e est retire de dMerents alosols ou aldehydes. 

Zusammenfassuiig. 

Quantitative Messungen ergeben den folgenden Reaktionsmechanismus fitr 
die Oxydation von A&oholen und Aldehyden mit Natriumpersulfat oder 
Wasserstoffperoxyd in der Gegenvrart von iiberschtlssigem Ferros^z : 

Kettenanfang 

Fe++ + HO— OH — ► Fe+++ + -OH + (: OH)- 

Kette 

RCH,OH + -OH RCHOH + H —OH 
R— CHOH + HO— OH — ► RCHO + -OH + H ,0 
Kettenendigung bei niedrigen Alkohol konzentrationen 

Fe++ + -OH — ► Fe+++ + (: OH)- 
Kettenendigung bei hohen Alkohol konzentrationen 

2 R — CHOH — ► R — CHO R — CH,OH (Disproportionation). 

Durch diese Reaktion ist es mdglich die relativen Geschwindigkeiten der 
Kntfemung von Wasseistoffatomen m verschiedenen Alkoholen zu messen. 

The Dyson Perrins Laboratories, 

Oxford. 


ON THE NATURE OF THE “ACTIVE” OXALIC 

ACID. 


By Joseph Wkiss. 


Received zist Atigust, 1947. 


Oxalic acid if treated ^th an insufficient amount of certain oxidising 
agents (permanganate, persulphate, etc.) acquires an increased reducing 
power which manifests itself, e.g. in ffie ready reduction of mercuric 
chloride to calomel. This " activation " of oxalic add was first observed 
by Dhax ‘ and was subsequently studied by Oberhauser et ai.* and Wieland 


Dhar, J. Chem. Soc., igi8, ill, 690 ; J. Indian Chem. Soc., 1928, 5, 203. 
>« Oberhauser and Hensioger, Ber., 1928. 61, 521. 

” Oberhauser and SchormtUl^, Ann. Chem., 1929, 470, in. 
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and Zilg.® The reaction may be also of some biological interest as Thun- 
berg * has found that oxalates can be " activated ” to reduce Methylene 
Blue by certaiu substances from the seeds of Malvacea plants. 

It has been suggested at various times that the " activated " oxalic 
acid is due to the formation of glyoxaJic or formic acid or to some new form 
of oxalic acid. These views have now been abandoned.® Similarly, 
Wieland’s suggestion ® that one is dealing with an “ excited ” form of 
oxalic add is clearly iucompatible with the facts. Abel ® and others have 
suggested that the semi-oxidised oxalate-ion (Ca04~) is the cause of this 
peculiar behaviour which, however, has been questioned by other workers.® 

In this paper an attempt has been made to sketch a mechanism of 


these reactions on a semi-quantita- 
tive basis and to clarify some points 
especially those with regard to the 
supposedly long hfe-time of the 
*' active " oxalic add which is ob- 
served under certain conditions. 

(1) Activation by the System 
Hydrogen peroxide -Ferrous 
Salt. 

The H|Oi-Feii system offers certain 
advantages because it is known with 
some certainty that it produces OH 
radicals.®*' ■ Firstly soma experi- 
ments are reported on the oxidation of 
oxalic acid ^ the absence of HgCl,). 
The results, which are similar to thc^ 
obtained by Wieland and Zilg * are re- 
presented in Fig. 1. This ^ows the 
rdation between the ratio of the equi- 
valents of oxalic add oxidised per one 
equivalent of ferrous salt 

/ 2A(H.C,0,) ( A(C0^ [\ 

A(F^ “|A(Fen)l; 
at different initial concentrations of 
ferrous salt (at constant i-nitiRl con- 
centrations of the other reactants). It 
is obvious that one is dealing with a 
chain reaction where ^ represents the 
mean " chain length." 

If mercuric chloride is added to the 
system oxalic add and H,0,— Fen, a 
rapid formation of calomel takes place. 



Fig. X. — Oxidation of oxalic acid by 
the H|0, — ^Fen system. Equiva- 
lents of oxalic acid oxidised per 
^uivalent of Feh at different 
initial concentrations of ferrous 
salt and at constant initial con- 
centrations of the other reactants : 
H*Cj 04), = 1*25 . lo-i mol./l., 
HiO,)o “ 2*5 . io“® moL/L 


widand and Zilg ® have reported that 

equivalent amounts of A(COf) and A^gCl) are formed. We were able to con- 
firm their result as will be seen from Fig. za. 

The mean consumption ratio «, =* j j — after a rapid increase — 

decreases with increasing initial concentration of (Fen), (Fig. zb) while the total 
amount of cal om el produced varies only sli^tly at medium (Fen), (Fig. zc). 
The reactions come to an end when all theFen- salt ha« been transform^ to 
^ ferric stage. This feature which seemed unaccountable to Wieland ® follows 
inunediately from a r.ha.in TTiHfiTmnism with Fe*+ f-ni'Ha.'HTi g' the chains. 


® Wieland and Zilg, Ann. Chfim., 1937, 530, 257. 

* Thunberg, Arch. Physiol., 1928, 54, 6. 

® Abel, 2 . Elehtrochsm., 1937, 43t ^9- 

• Weber, Z. fhysik. Chsm. B, X934, ^5, 363. 

•* Weber, ih%d.. A, 1935, 173, 459. 

Haber and Weiss, Proc. Roy. Soe. A, 1934, 147> 33*- 
» Weiss, J. 'Physic. Chsm., i937j 4*» 1107- 

' BaxendaJe, Evans and Park, Trans. Faraday Soc., X946, 43, 155. 
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Fig. 2 {a ). — Relation between 
the amounts of calomel 
and CO, formed at difieient 
initial concentrations of fer- 
rous salt and constant iTiitia.1 
concentrations of (H,C,04 )q 
= 8-33 . io-»mol.A-. (H,0,), 
= 1-66 . io-»moL/l., (HgCl,)o 
= 3*io~* mol./l. 


ratio 


at different 


Fig. 2(b) — ^Mean consumption 

lA(Hga) 

A(Fen) 

initial concentrations of fer- 
rous salt at constant initial 
concentrations of (H,0,), 
1*66 . io“* mol./l., (HjCjO,), 
= 8 * 33 . io-»mol.A., (HgCl,)o 
» 3 . lo”* mol.yl. (20° c., 
nitrogen atmo^nere.) 



Fig. 2 (c). — Calomel formed at 
differ ent initial concentres 
tions of ferrous salt, at con- 
stant initial concentrations 
io“* 
I0“* 
I0-* 

mol.'/l. (20“ c., nitrogen 
atmosphere.) 
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Fig. 3 shows the dependence of the amount of calomel formed on the initial 
concentration of hydrogen peroxide, the curve showing again an initial increase 
followed by a more or less marked, decrease at higher (H|Oa)g, with the shape 
of the curves governed largely by (F^)^. The dependence of the amoimt of 


Fig. 3 . — Calomel formed at different 
itii'Hh.I concentrations of hydro- 
gen peroxide for three different 
initial concentrations of (Fe^i^o 
at constant initial concentra- 
tions of (H,C,04 )o = 8-33 . IO“‘ 
mol./l., (HgCl,)p = 3 . 10-* 
mol./l. (20“ c. mtrogen atmo- 
sphere.) 



calnniel on the initial concentration of mercuric chloride is shown in Table I 
for two different initial concentrations of (Fe°)e at constant initial concentra- 
tions of the other reactants. 

TABLE I. 


Expt. No. 


1 

2 


3 

4 


(H,C,04)o = 8-33 . IO-* mol./l. (H, 0 ,)o = i-66 . lo-* mol./l. 



{i)(Fenr, 
~i*o6.io~* moL/L 

(3) (Fon)*o 
■■ i'6o . ia~* mol./l. 

AHga 
formed 
mol./1. io>. 

A<H»Cl) 

(HgCl,), 

AHgCl 
formed 
mol. /I. 10 *. 

A (HgCl) 
(HgCl,)o 

0-03 

0*25 

0*83 

1*0 

3-33 

o*o6 

0*58 

0-97 

2*i6 

3'6o 

o-og 

0*95 

1-05 

3-33 

370 

0-15 

1-47 

0-98 

6*41 

4*28 


Ratio 




n (Hgci}(x) 


4-0 

3.60 


3.70 

4‘28 


Mechanism. 

It is not attempted to give an exhaustive treatment of the reaction 
mechanism. * The following relatively simple mechanism which is based 
on the previous work of Haber and Weiss and Weiss seems to account 
for most of the essential features : 

Fe»+-|-H, 0 , » Fe*+ -1- OH- -h OH . . . (i) 

Fe*+ -h OH = Fe»+ + OH" . . . . (2) 

C,04«--}-0H « 0,04--!- OH- . . . . (3) 

0,04- + H| 0 , = 2CO, + OH- + OH. . . (4) 

* Ferrous Sulphate. — ^The amount of calomel increases approximately pro- 
portional to (HgClt)o (columns 4 and 6) while the amounts at different 
increase as (Fdn)o decreases, showing an almost constant ratio (column 7). 
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For the stationary state (of OH and CjO*") one obtains from the above 
system of equations the following differential equation for the chain 
length (consumption ratio) 9*1(0 time i ■ 

|d(CO.)l fe,[C,0,«-3, _ _ 


«i(() = 


d(Fen)l fc.LFe**-], 


The mean consumption ratio 9*1 over a time interval {o -*■ i) is given by : 


9*1 = 


A(CO,) 

f‘^' 

Jo 

A(Feu) “ 

Jo di 


(5fl) 


the evaluation of which requires the complete integration of the simul~ 
taneous differential equations. 

If HbO| and HaCiO^ are present in relatively high concentrations one 
may introduce as a first approximation either their initial values or some- 
what modified mean concentrations. The mean value of [Fe*+] can be 
introduced which then can be calculated from the equation : 


[Fe*+]. = i r* [Fe‘+],d« . . . . 

* •» 0 

which under the simplifying assumptions discussed above leads to : 
[Fe«+] « = T (* CFe*+]o e-2*i[H«0d«< . 

_ [Fe«+]a 


Thus one obtaias 


2fti[H,OJ 






«i 


A>.[C.Qb«-].^(H,C,04>b 


(6) 


I6a) 


(7) 


[Fe‘+]^ (Fe*+)„ 

This equation is confirmed qualitativd^y by Fig. 1 in the descending part 
of the curve. It is clear, however, that as the curve must start at the 
origin (iii = o for (Fe*+)o = o), there must be an initial rise which, how- 
ever, corresponds to an essentially pre-stationary state and therefore is 
not covered by the above equations. 

In a more detailed treatment, apart from reaction (2), other ch£dn- 
breaking processes may have to be included, such as ; 

Ca04- 4- OH = 2CO, -h OH- . . . . (8) 

and possibly also 

0,04- -t- Fe*+ ^ Ca04*- + Fe»+ + energy. . . (9) 

Reaction (9) should be exothermic in the forward direction : while oxalate 
is not oxidised by Fe*+ in the dark this reverse process takes place easily 
tmder influence of light. 

In the presence of HgCl, in the solution the above scheme of reactions 
has to be supplemented. It appears to be sufficient to introduce the 
reactions :• 

0,04- + Hg*+ = Hg+ 4- 2CO, .... (10) 

Hg+ 4- C,04*- = Hg 4- C,04- .... (II) 

Hg*+ 4- Hg = HgJ+ ..... (12) 

These reactions have been discussed previously by Cartledge * in connection 
with the photochemical reaction between HgQ, and oxalate (Eder's 
reaction) . Taking these reactions into account one obtains for the station- 
ary state for the ratio ittu) the differential equation : 

d(Hg.Cl.) Aio[Hg»-«-][C.04»-] 

d(CO,) 2AioCHg*+][C,04«-] 4- 2A4[H,0J[C,04*-] 


«i(i) = 


(13) 


* It is left open to which extent or perhaps the nndissociated HgCl| 
enters into the reaction mechanism. 

• Cartledge, J. Artur. Chem, Soc., 1941, 63, go6. 
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Under the assumption of ; 
this gives 


2d(Hg,Cl,) d(HgCl) 


(15) 


d(CO^ d{CO,) 
in agreement with experiment (Fig. 2a). 

The mean consumption ratio with regard to Fe“, i.e. the mean chain 
length is given by ; 


«3 = 2 


A(Hg,Cl,) 


A(Fen) 


ftio[Hg*+],[C30,«-], 

Ai[Fe»+]«i:H.OJ« 


(16) 


which is confirmed as well as can be expected by the experiments repro- 
duced by Fig. (26) and (2c) and by Table I. 

It h^ b^n reported by several authors that molecular oxygen exerts 
a strong inhibiting effect * on the formation of calomd. In conformity 
with Ca^edge,* this may be attributed to the reactions : 

Cj04~ “1- Oj = 2CO3 -f- Oj“ .... (17) 
Hg+ -1- O. = Hg»+ + Or .... (18) 


which lead to the formation of HO^ radicals (O," + H+ HO J which 
on subsequent reaction with any of the reducing substances present can 
yield HOj“ (i.e. hydrogen peroxide). 

It is of some interest that molecular iodine also exerts a very strong 
inhibiting effect. This is presumably due to the reaction : 

CjOr + If = aCOj -+-1-1-1“ . . . (19) 

which is known from the photochemical reaction between oxalate and 
iodine and which competes with reaction (10) which initiates the 

formation of calomel. 

In an experiment corresponding to the conditions of experiment z (2) 
in Table I it was found that a concentration of (Ig) io“* mol. /I. was 
sufficient to reduce the amount of calomel to about half of the normal 
quantity. From this may be deduced that (reaction (19)) should be 
about zooo times greater than (reaction (10)). 

Reducing substances (e.g. hydroquinone) also exert a strong inhibiting 
effect.® This can be attributed to their competition for the OH radicals, 
thus inhibiting the formation of C1O4- according to reaction (3) or possibly 
also to a reaction with the CjOg” radicals leading to the formation of 0,04*“. 


2. Activation by Permanganate. 

The action of potassium permanganate on oxalic acid at room tem- 
perature is a relatively slow process which occurs in steps. One of the 
important intermediate stages is represented by Mn*+ ions, which oxidise 
oxalate ions in a rapid reaction. This has been known since the earlier 
work of Skrabal.ii More recently Launer and Lidwell and Bell have 
suggested that the C3O4- radical appears as an intermediate in this reaction. 
From the discussion in Part I it is to be expected, therefore, that per- 
manganate “ activates ” oxalic acid similar to the HjO*" Fe^ system. 

If permanganate is added to a dilute solution of (more than equivalent) 
oxalic acid the colour of the solution changes from violet to brown and 
then gradually fades away until it finally .becomes colourless. If HgClg 
is added from the start one does not observe any formation of calom^ as 
long as the solution is violet or even during the early stages of the brown 

Abel, Retter and Schmid, Z. physih. Chetn. A, 1932, 163, 53. 

Griffith, McKeown and Wiim, Trans. Faraday Soc., i 933 » a 9 » 369. 386. 

Skrabal, Z. anorg. Chem., 1904, 4a, i. 

** Launer, J. Amer. Chetn. Soc., Z932, 54, 2597. 

Lidwell and Bell, J. Chem. Soc., 1935, 1303. 
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coloration : only as the colour fades away calomel formation sets in. This 
fact does not seem to have been mentioned by previous investigators 
although this " induction period ” is obviously of some importance for 
the mechanism of “ activation.” 

From the discussion in Part 1 it is dear that no calomel will be formed if 
there is a sufficient amount of oxidising agent present in the solution which can 
react with the chain carriers e.g. C|04~. accordmg to : 

CjO*- + Mn»+ = aCO, + Mn»+ .... (ao) 
and which thus may inhibit to a greater or lesser extent the chain leactioiis 
(lo), (ii), (12) leading to the formation of calomel. Consequently the formation 
of does not even start until the amount of oxidising agent in the solution 

haji reached a certain (critical) low level, which is governed by the competition 
between the reactions (ro), (ii) and (20) respectively. 

This can be demonstrated by adding the HgClf to the system H,C|04“KMn04 
at difierent stages of decolorisation. The amount of residual oxidising agent 




Fro. 4. — Schematic Representation of the 
Decrease of the oxidisi^ agent (Mnm) 
in the solution with time in relation 
to the amount of calomel formed 
{i8“c.). (The sl^^ area represents Fig. 5.— Relation between the amount of 
a for anv calomd formed and the concentration of 

' ° ' J df ^ (Mum) iix the solution at the tune of tbs 

given time interval (<j-*- #1).) addition of HgCl,. (18" c. nitrogen 

atmosphere.) 


— ^which in the brown solution is an Mbpi salt (or a hydrolysis product of it) — 
can be determined directly by adding KI, acidifying and titrating with thio- 
sulphate. 

To two identical solutions of oxalic add (3*57 . lo-* mol. /I.) containii^ 
permanganate (1*43 . lo-* equiv./l.), HgCl* was added (corresponding to 2*57 . lo-^ 
inol./I.) at different times : (zoom temperature (18'’ c.], nitrogen atmosphde). 

(i) After 90 min. when the amount of IdaTn had fallm to 0*7 . lo-* inbL/l. 

(li) After 120 min. when the amount of Moiin had fdlen to 0*3 . in'* xnol.A* 

g lere the formation of calomel started immediately after the addition of the 
gCL solution.) 

After 3 hr., when the reactions had gone to completion, the amounts of calomel 
in the two sdntiona were found to 1 » almost idroticail (1-52 . lO”* moL/ 1 . and 
1*54. 10-* moL/L of HgQ.). 

While it is thus olmous that from the point of view of chain, breaking the 
(MnH) jji the solnidoii ^uld be as low as possible, it is clear that in complete 
absence of Mu*+, CjO*- is no longer produced according to the reaction : 

MnW--HC,04«-— C,04- + Mn^^ . ■ (21) 

which normally initiates the chains. 
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This is shown by the_Fig. 4 and 5 where the amount of Mnni in the solution 
— at the time of the addition of HgQ, to the solution — ^is related to the amounts 
of calomel formed. 

One may conclude, therefore, that the " active " oxalic acid is due to 
the formation of the rascal which has the short life of an “ ordinary ” 

radical. It is, however, produced continually over a considerable penod 
of time by reaction (21), which will go on as long as there are Mn*+ ions 
present in the solution. Thus the seemingly long-hved " active " oxalic 
acid is really the Mh,™ complex which can persist in solution for a consider- 
able time (many hours] either as oxalic acid complex or as a h37drolysis 
product yielding Mn*+ according to the equihbria : i** 

Mn(OH)*+ ^ Mh»+ + OH- . . . (22a) 

Mn{Cj04)+ ^ Mn*+ -1- C1O4*- . . . {226) 

Mn(C,04'i- v* Mn«+ ‘ 4 - sCsO/-. . . . (22c) 

It has been found by Skrabal that the Mn°i complex is decomposed 
by H+. Thus, increase of the (H+) of the solution will lead to an ac- 
celerated decay of the activity which is in agreement with experiment. 

The influence of the Mn*+ concentration in the solution is clearly demon- 
strated if the reaction is carried out in the presence of fluoride ions which 
form a stable complex with Mn*+ according to the equilibrium : 


Mn*+ -f 4F- 5* MnF4“ .... (23) 


thus reducing the concentration of these ions to a low level. 

This should result in : 

(i) a decreased rate of production of calomel by decreasing the rate 
of formation of C1O4- (according to eqn. (21)) ; 

(ii) an increase of the tot^ diain lengtii by inhibiting the chain- 
breakmg processes, e.g. reaction (20) and thus leading to an increase of the 
total quantity of c^omel formed (if only the reaction is allowed to proceed 
a sufl 5 .dently long time, which is necessary as the " activity " is at a very 
much lower level but persists for a very much longer time). 


A solution containing initial concentrationa of (HaCiOflg = 3*50 . 10-* mol./l., 
(KMn04)4 * 1*40 , 10-* equiv./L, (HgQ,). = 2-0 . lo-* mol./l. was allowed to 
react at room temperature (18° c.) in air. Xlnder these conditions the reaction goes 
to completion in about 3 hr. and 3'telds 6-57 . lo-* moL HgQ/ 1 . (expt. (r)}. In 
a aiTniiar expt. (2), pota^um fluoxide was added to the solution corresponding 
to {F”) = 0-2^6 mol./l. After 3 hr. this solution only produced 2*18 . lo-* 
mol. HgQ/l., i.e. approximatdy one-third of the amount of expt. (x). If, on 
the ottw hand, in a similar expt. (3} with F- ions the reaction was allowed to 
go to completion — which took about 36 hr. — 18*7 . lo-* mol. HgCl/1. were pro- 
duced, nearly three times the amount of eiqienzaent (z). Ano&er ei^riment 
carried out m nitrogen yielded 10*7 . 10-* moL HgCl/ 1 . (m 3 bx.) while in the 
presence of fluoride (0-246 mol./l.), x6’j . lo-* mol. HgCl/1. were pzodaced in 
24 hr. 

Again it is to be expected that oxidising as well as reducing agents can inhibit 
the formation of calomeL Molecular oxygen does in fact exert a strong inhibiting 
efi^ *• * for the reasons discussed in 1 . Certain dyes such as thionine. 
pbenosairanine, inhibit also, even at relatively low concentrations.* It is v^ 
likely that their strong inhibiting eflect is due to their ability of undergoing 
oxidation and reduction reaction, and thus they may act as inhibitors both ways. 


The reactions can be described in the foUowing way (D . . . dyu : 


D 0^04— » 2CO4 D~ ... (24) 

(D- -1- H+ DH (semiquinone)) 


M Kehrmann. Btr., r887, ao, 1595. 

^ cp, Taube, /. Atnsr. Chan. Soc„ 1947, 69, 1418. 

u Cf. MeUor, A Comprehensive TreaHse on Inorganic and Theoretical Chemistry 
(London, X932), p. 345. 

!*• Weiss, Nature, I 33 f 648. 

Weiss, Naturwiss, 1935, 23# 64. 
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followed by the formation of the* leuco-dye) DH,) : 

2DH^D + DHa .... ( 25 ) 

which can be reoxidised again by the Mji*+ according to : 

(DH, ^ DH- + H+) 

DH- + Mn»+ = DH + Mn«+. . . . (26) 

In view of the extremely low stationary concentration of the 0 , 0 *- in 
the solution and the reoxidation of the leuco-dye by Mn*+, it is not to 
be expected that the stationary concentration of the reduced dye in the 
solution reaches a level where it can be detected by ordinary light-absorption 
measurements. * 

If reducing agents (e.g. hydroquinone) are added directly they also 
show an inhibiting effect.*' This can be attributed to their interaction 
with the Mn*+ (similar to reaction (26)). 

Summary* 

Oxalic acid in solution if treated with an insufficient amount of an oxidising 
agent acquires an enhanced reactivity which manifests itself j e.g. in the reduction 
m mercuric chloride to calomel. 

This reaction has been re-investigated particularly with regard to OH radicals 
as oxiffising agents (as generated by the system H|Oj“Fen), 

Some evidence is presented to show that the activation of oxalic acid is due 
to the formation of tlm radical C1O4- whicffi is a strong reducing agent as it easily 
gives off an electron with the subs^uent formation of COf 

In the HjiOy-F^ system the reaction and the activity ceases when all the 
ferrous salt is transformed to the ferric stage. The " activitj' ” of long duration 
observed in the reaction with permanganate is due to the presence of !Mn*+ ions 
in the solution in verj’ low concentrations, which are stabili)^ by complex forma- 
tion, and are capable of producing Ct04-tadicals. This has been demonstrated 
by investigating the reaction in the presence of fluoride ions which axe knovm to 
form a very stable complex with the Mn^^ ions. 

University of Durham, 

King's College, 

Newcastle-upon-Tyne, i. 


SOME EXPERIMENTS ON THE REACTIONS 
OF POTASSIUM SUPEROXIDE IN AQUEOUS 
SOLUTIONS. 


By Philip George. 

Received i8fh Aitgust, 1947. 

The HO* and HO/ radicals play an important role in the oxidation of 
water, in the redaction of ox3rgen and in the decomposition of hydrogen 
peroxide. Our knowledge of the reactions of the HO* radical in aqueous 
solutions has been greatly extended by the recent investigations of Baxen- 
dale, Evans and Fuk.^ Liberated by the action of Fe*-*- ions in acidified 
hydxogen peroxide, competition for the HO* radicals between remaining 
Fe*+ ions and pol3n3ierisable olefins added to the solution can readily be 
followed. The l^haviour of the HO/ radical is known with far leas 
certainty. . 

Potai^um, rubidium and caesium superoxides, salts of the HO/ 
^ Baxendale, Evans and Park, Trans. Faraday Soc., 1946, 4a, 155. 
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radical, are stable solids prepared by burning the a-lkali metal in oxygen." 
KO, is quite stable in concentrated alTcftiis at low temperatures ® but in 
dilute alkalis, water and dilute acids at room temperature it reacts rapidly 
evohung oxygen according to reaction (i) : * 

2KOa + 2H,0 ► O, + H, 0 , + 2KOH. . , (i) 

This suggested that further experiments with. KO3 might furnish more 
information about the reactions of the HOg* radical. In the presence 
of an oxidisiag or reducing agent more or less oxygen might be evolved 
as a result oi the electron- transfer reactions : 

KOj + X ► Oj -|- K+ -1- X“ . . . • (2) 

KOg + Y + HgO »- 0 ,H- -t- KOH + Y+ . . (3) 

where X and Y are the oxidising and reducing agents respectively. 

Thus when KO, is put into water containing an oxidising or reducing 
agent, competition ivill occur between reaction (i) and reaction (2) or (3) 
in which a measure of the Oi evolved will reveal the fate of the Oi“ radical. 
The results of a series of such experiments are given in this paper. 

E:3qperimeiital. 

A sample of KOg had been prepared in 1942 by burning potassium in oxygen 
as describe by Neumann." It was kept in a sealed tube and recent analysis 
showed itto contain 61 '‘L KOg, 

32‘5 °L KgOg and 6*5 KgO. TABLE I. — Composition of KOg Sample. 

The Og-evolution figures re- 

ported below ^ve 61 KOg 
from the reaction in water and Composition. 

by difference 32'5 “/„ KgO, 

from the reaction with strong 
catalase which decomposes the 6i KOg 

hydrogen peroxide formed in 32*5 K|Og 

the KOg reaction and in the 5.5 KgO 

hydrolysis of the KgOg. This Total 
v^ue for the KgOg content 
was checked by a separate 
e^>enment in which the total 

HgOg formed in water was 

tinted iodometiically with 
0*1 N. NagSgOg. 55*1 mg. of the KOg sample required 8*o ml. o-i n. thiosulphate, 
i.e. 0'i45 ml. per mg. sample. This figi^ agrees precisely with the gasometric 
analysis. The remmning 6-5 of inactive material iu the sample could only be 
KgO. This was confirmed by gravimetric estimation of the potaMium content as 
sulpl^te and the results ame to within less than i "L as shown in Table I. An 
additional check of the l<Og content was given by a determination of the 
paramagnetic susceptibility of the sample wi'£ a simple Gouy balance : 

K == 14*8 X lo-*, X = I 4’5 X tO"*' 

Neumann's value of x for a pure specimen of KOg is 24-2 X lo-', which gives a 
figure of 60 % KOg for the aample in good agreement with the oxygen evolution 
and gravimetric analysis data. 

As far as possible Analar reuents were used in the investigation. The 
catalase was a specimen prepared ncom horse liver by the method described by 
Keiliu and Hazixee.® 

The Og evolution from the KOg in aqueous solution was measured in two types 
of apparatus. Ih the stoidiiometric determioations a 5 ml. gas burette was used 
connected to a special 30 ml. flaik with a hollow stoppw joined on in which 3-35 
mg. of the sample were placed. After temperature equilibration in a thermostat, 

"Machu, Das Wasserstoffperoiiyd und die Perverbindungm (Julius Springer, 
Wein, 1937), Chap. 19. 

• Weiss, Trans, Faradw Soe., 1935, 31, 668. 

* Harcourt, J. Chem. Soc., 1862, 267. 

"Neumann, /. Cfutn. Physics, 1934, 31. 

" Keilin and Hartree, Biochsm. J., 1945. 39t 148. 


Calculated KgSOi fotmad 
(g. KgS 04 per g. % Oxide). 


0748 

0-514 

0*120 

1*38 

(1*39 from experuneutal 
determination) 
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pressure equilibration inside the stopper was made by removing a bap from a ^tiin 
capillary-tubo side-arm sealed on the barrel of the stopper. Turning the stopper 
into the flask then allowed the sample to react with 3-0 ml. of the aqueous 
solution chosen. 

In the rate determinations the sample was placed in a small open cup resting 
on tlie bottom of a 30 ml. flask containing 4*0 nu. of the solution. Rapid sh ak in g 
upset tho cup and the sample reacted. The O, evolved was measimed on a 
pressure gauge consisting in principle of a brass diaphragm the movement of 
which was magi^ed by a simple optical system. Cmibiation showed that the 
deflection was directly proportional to the pressure over 120 scale divisions. 

I div. m 0*336 mm. paraffin (sp. gr. 0*788) a 9*2 /U. Og. 

The response of the gauge to changes in pressure was practically instantaneous 
(much less than i/io sec.). 

Stoichiometric Meastirements.— Table II gives the volume of oxygen 
evolved when solid KOt reacts with dilute adds alkalis, and aqueous solu- 
tions of hydrogen peroxide, ferrous and ferric sulphate, catalase and a selection 
of oxidising and reducing agents. The reaction flask in all runs except No. 24 
was thermostated *at 20° c. In run No. 24 the reaction flask was kept at 0° c. : 
the ozone content determined iodometrically was 0*1 ml. ozone per solntion. 
In the table the weight of the KO, sample m mg., the volume of oxygen corrected 
to N.T.p. in ml., and the ratio of ml. 0« evolved at k.t.p. per mg. KO, sample 
are recorded. 

The average values of this ratio in the reaction of the KO^ sample with water, 
ferrous sulphate, ferric sulphate and catalase are : 

(i) water (-f HtSO^, NaOH and phosphate buffer), i.e. runs i, 2, 5, 8, 12, 

2ia and 22a .......... 0*096 

(ii) ferrous sulphate solution, i.e. runs 9-11 ...... 0*126 

nii) ferric sulp^te solution, i.e. runs 13-16 0*136 

(iv) strong catahise solution, i.e. runs 17-23 0*177 

Gompoallloa of the KOa Sample, — ^The decomposition of pure KO, in water 
is given by reaction (i) . 

2 KO. + 2H,0 — ► Og + HgO, + 2 KOH . . . (I) 

This enables the percentage KOg in the sample used in the above measurements 
to be calculated. Pure KOg Ubemtes 0*158 Og per n^. at k.t.p. The sample 
evolved 0*096 mL 0 , at n.t.p. and thus contains 6x % KOg. If a catalyst that 
decomposes HgOg is added to the aqueous solution after reaction (i) is completed, 
a further amount of oxygen is liberated equivalent to half that in reaction (i). 

2HgO, — ► 2H,0 -f O 

Alternatively, if the KOg is added to an aqueous solution of the catalyst all the 
availaUe axygea is evolved. This has been done in runs 2ra and 220 and runs 
X7-22 respectively (Table 11 ) using the esizyme catalase. o*o8i ml. O. per mg. 
sample is Uberated from the hydrogen peroxide. From the peroxide formed in 
the KOg decomposition 0*096/2 ml. Og per mg. is evolved, i.e. 0-048, thus leaving 
0*033 ml. Og unaccounted for. The most likely source of this is some KgOg in 
the KOg sample : the flgore corresponds to 32-3 : this was checked by iodomerixic 
titration of the peromde liberated by hydi^ysis. Thus these data give the 
composition of the samples 61 KOg and 32*5 "/g KgOg. Gravimetric analysis 
of the potassium content confirmed the remainmg 6*3 as KgO. 

Rate Measorbnente. — The rate of oxygen evolution as tbe KOg sample 
decomposes in water and aqueous solutions of ferrous sulphate, ferric sulphate and 
catalase has been measunM. This is the minimuTn rate and not the real rate 
s^ce the reaction is between a solid and liquid. 

In the stoichiometric measurements tire KOg sample, during equilibration, 
was kept in a dry atmosphere in the hollow stopper. In the rate measurements, 
carried out with identical solutions at the same temperature, the reaction flask 
containing the solution was allowed to attain the temperature of the thermostat 
before the KOg sample in the open tube was placed on the bottom of the fla^. 
A further 2-3 min, was then recnured before final tempemtnre ^uilibrium was 
reached. In this time a little KOg reacted with the moist air inside tiie flask 
and 80 the oxygen evolution from a given solution was less than that recorded 
In the stoichiometric deteiminations. For this reason the results of tbe rate 
xneasuxaments ore presented in the following way. From the total oxygen 
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evolved m the rate measurement the actual amount of the KOj sample present 
at the begiimmg of the reaction was calculated from the average \^ues for oxygen 
evolved obtained in the stoichiometnc determinations in Table II. Using these 
calculated amounts the ratio ml. Og per mg. KO^ sample was calculated for the 
observed values of the oxygen evolved at 2, 5, 10, 15, 20, 25 and 30 sec. from the 
begmning of the reaction. For example, a sample of KO^ reacting with Z'O M. 
phosphate bufEer p's. 5*8 evolved these quantities of oxygen at the above tune 
mterWls : 0*275, 0*301, 0*327, 0*327, 0*335, 0*335, o*333 average value 

TABLE II. 


OXYGKN KVOLVKD FROM THB KO* SAMPLE IN VARIOUS AQUEOUS SOLUTIONS. 


Run 

Num- 

l>er. 

Solution. 

Mg.EOa 

Sample. 

Ml. Oi 
at H.T.*. 

SC. Oa per mg. 
KOi Siunple. 

I 

0*1 N. HgSO, .... 

0*1 N. NaOH .... 

9.9 

1*08 

0*109 

2 

17-3 

1*85 

0*107 

3 

80 vol. HgOg in 0*1 N. H1SO4 

28*6 

2*74 

0*096 

4 

80 vol. HgOg m 0*1 N. HgS 04 

33-4 

3*57 

0*107 

5 

0*1 N. NaOH .... 

22*8 

1*96 

0-o86 

6 

80 vol. HgOg in 0*1 N. NaOH 

30*0 

3-03 

o-zox 

7 

80 vol. H|Og in 0*1 N. NaOH 

17*0 

1*45 

0*086 

8 

0*1 N. HgSO* .... 

24*4 

2*11 

0*087 

9 

1*0 M. FeSO^ in 4*0 N. HgSO^ 

17*5 * 

2*20 

0*126 

10 

1*0 M. FeSO^ m 4*0 n. HgSO^ 

156 

1*87 

0*120 

XI 

1*0 M. FeS04 in 0*1 n. H,S04 

18*0 

2*39 

0*132 

Z2 

0*1 N, HgSOg .... 

1*0 M. FeglSO*), .... 

19*2 

173 

0*090 

13 

22*4 

3-56 

0*158 

14 

1*0 H. FegiSOj, in 4*0 n. HgSOg 

1*0 M. FeglSOg), . . 

l8*6 

2*72 

0*146 

15 

20*2 

3-15 

0*156 

x 6 

17 

0*3 M. [Fe, (304)8 + Fe{ 0 H )8 soL] . 
Strong catalase in z*o M. phosphate 

22*7 

3-68 

o*i6a 

buffer, 5*8 . 

12*5 

2*37 

0*189 

18 

Strong Catalan in 1*0 H. phosphate 



buffer, 5*8 . 

8*4 

1-45 

0*173 

19 

Stroim Catalan in 1*0 M. phosphate 
buffer, 5*8 .... 




8*7 

1*37 

0*159 

20 

Stroim catalase in 1*0 M. pho^hate 
buror, 5*8 , 

I 3’6 

2-54 

0*187 

2ia 

1*0 M. phi^hate buffer pa 5*8, then 

17-3 

1*66 

0*096 

3 ib 

Strong catalase .... 

17-3 

1*46 

0*085 

220 

1*0 M. phosphate buffer pa 5*8, then 

30*9 

1*87 

0*089 

22b 

Strong catalase .... 

20*9 

1*49 

0*072 

23 

StroiM catalase in z-o M. phosphate 
buffer 5*8 . 

23*a 

3*96 

0-171 

*4 

Neutral sat. Bra water 

7.9 

1*40 

0*179 

35 

0*1 % Gold Chloride in 2*0 m. Hd . 

9-3 

1*33 

0*155 

26 

Neutm solution of ozone 

11*7 

1*03 

0-088 

27 

Sat. sola. in 0*1 N. HiSOa 

Sat. soln. NagSaOi in o*z n. NaOH . 

16*6 

2*05 

0-124 

28 

57 

0*97 

0*171 

29 

Sat. soln. NaaSaOg in o*z M. AgNOg . 

Z9*o 

3-36 

0*177 

30 

Sat. soln. Snda 3<o M. HCl 

6*05 

b*6i 

0*100 

31 

1*0 M. NajSaOa in o-i N. NaOH 

16*3 


0*093 


of oxygen evolved per mg. is o*og6 ml. from Table II : therefore 3*5 mg. of KO, 
sample reacted and the oxygen evolution figures now expressed as ml. per mg. 
sample are 0*079, 0*086, 0*094, 0*094, 0*096, and 0*096. The mean results 

of several determinations axe given in Fig. i for the following solutions : curve a , 
1*0 V. phosphate buffer, pa 5*8 ; curve 6, 0*1 n. H,S 0 , ; curve <?, strong catalase 
in 1*0 M. phosphate bir^, pa 5*8. 

In Fig. 2 a, b and c, oxygen evolution cur^ are given for identical ferric 
sulphate, farrous sulphate and catalase solutions reacting with 0*05 ml. 8*6 vol. 
H,Ot in the open tube instead of the KOg sample. The marked difference be- 
tween the curves in Fig. i and 2 will be discussed later. 
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The small peak in curves ib, c and d and sh is in all probability a thermal 
effect, the oxygen being evolved so rapidly that it carries away some of the heat 
of reaction and a few sec. elapse before temperature equilibrium in the gas phase 
i.s reached again. 


Fig. I. — Oxygen evolved 
from the KO| sample 
in various aqueous 
solutions plotted 
against time. 

Curve a: i-o m. phosphate 
buffer fiH 5*8. 

Curve 6 : o-i n. H^O*. 

Curve c : i-o m. FeS04 in 
o-i N—HjSO*. 

Curve d : I-o M. Fe,(S04)j. 

Curve e : strong catalase 
in I-o M. phosphate 
buffer, ps 5-8. 


The stoichiometric measurements given in Table II show that in all cases 
the oxygen evolution reaction (i) completely predominates. With the sample 
of KO, used this reaction yields 0-096 ml. O, per mg. If the H, 0 a formed 
from ttie KO, and in ihe hydrolysis of the ^O, is also decomposed as in 
reaction (4) then a total of 0-177 ml. O, per mg. is evolved. Table II shows 
that in no case is the oxygen evolved on the average less than 0-096 or greater 
than 0-177 ml. O, per mg. These experiments thus show that under the given 
conditions reactions (i) hnd (4) are most important and that with oxidising 



Summary of Experimental Results. 


Fig. 2. — Oxygen evolved 
from 0-05 ml. 8-6 vol. 
H,0, in various 
aqueous solutions 
plotted against time. 

Curve a : 1-0 if. Fea(S04),. 
Curve b : i-o m. FeSO, in 

O-I M. HaS04. 

Curve c : strong catalase 
in I-o M. phosphate 
buffer, pn 5-8. 



aud reducing agents the direct oxidation of 0 ,'~ giving O, gas and the direct 
lednction of 0 ,~ giving O,** (i.e. H, 0 ,) axe insignificant. Tl^ rate measurements 
show t^t reaction (i) is extremely &st ; all the oxygen is evolved in about 
2 sec. The peroxide decomposition reaction (4) with ferrous ions, ferric ions and 
catalase is alro very rapid. This will be disci^d later. 

Discussion. 

The stability of O,". the anion of the HO,* radical, in solid KO, at 
room temperature is in part due to the slow electron transfer between 
two O," anions in the crystal lattice : 

2O," ► O, -f- O,". 
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At high tempeiratures, for instance in the oxidation of molten potassium, 
this reaction does become important and whilst KO, is formed initially 
an equilibrium mixture containing about 67 % KO, and 33 % K,0, 
results on prolonged heating.* KO, may alro be prepared by passing 

ozone into cold cone. KOH*. The stability of the 0,~ anion in - f-hiR 

solution makes clear the sequence of reactions responsible for the oxygen 
evolution in water. 

Proton and Electron Transfer In the Evolution of Oxygen from KO 3 . 
— ^The evolution of oxygen from solid KO, in dilute a.nfftTiPLS , water and 
dilute acids is given by reactions (la) and ( 16 ) where the symbol [O,- . O,-] 
represents two O,- anions in the solid KO,. 

[O,- . O,-] + H,0 ► O, + 0,H- + OH- . (ifl) 

[O,- . O,-] + H,0+ •- O, + 0,H- + H,0. . ( 16 ) 

The stability of KO, in concentrated alkalies, where no proton transfer is 
possible according to reaction (ic), 

[O,- . O,-] 4- OH- — I. O, + HO,- + O- . . (ic) 

shows that reactions (la) and (i&) are composite. First, proton transfer 
must occur giving the HO, radical as in (id) or (le), then electron transfer 
between O,- and HO,* completes the reaction and oxygen is evolved [if). 

[0,-.0,-] + H,0 ► [0,-.0,H*] + OH- . . (Id) 

[O,- . O,-] + H,0+ ► [O,- . OJH*] + H,0 . . (le) 

[0,-.0,H*] ► O, (gas) + 0,H-. . . (i/) 

Reactions (id) and (i«) result from the collision of H,0 or HaO*^ mole- 
cules with ^e particle of KO, and are fairly certainly the rate-determining 
steps for the final electron- transfer reaction (i/) needs no ordinary col- 
lision since the intermolecular distance O,- . . . 0,H* will still be 
approximately that of O,- . . . 0,“ in the KO, crystal lattice. The 
entire reaction resembles very closely an electrode reaction, a proton 
passes to the surface of the KO, and its charge is taken up by electron 
migration between O,- anions. The rate measurements given above 
support this interpretation for in acid solution the oxygen is evolved more 
rapidly (Fig. la and b). 

Competition between Proton and Electron Transfer in the Reactions 
of EO 3 . — ^This mechanism established for the oxygen evolution shows 
that when KO, is put into water containing an oxidising or reducing agent 
the competition that occurs is between the proton-transfer reactions 
(ic) and (id) and electron-transfer reactions ( 20 ) and ( 30 ), where X and 
Y are the oxidising and reducing agents. 

O,— X > > O, X” . • • . ( 20 ) 

o,- + H ,0 -I- Y ► 0 ,H- -f OH- + Y+ . ( 30 ) 

The stoichiometric measurements given in Table 11 show that in aU cases 
the proton transfer predominates and no electron transfer could be 
detected with hydrogen peroxide, ferrous and ferric salts, catalase, bromine 
water, gold chloride, ozone, persulphate ions, stannous chloride or sodium 
hydrosulphite. Witii the non-metallic reducing agents oxygen was still 
evolved as in reaction (i). With oxidising agents and with metallic ions, 
both ^ectron acceptors and donors, addition^ oxygen was evolved which 
could be accounted for simply by partial or complete decomposition of 
tile hydrogen peroxide formed from the KO, and from the hydrol 3 mis of 
the K,0,. Since the concentration of the water, about 50 m., is so much 
greater than that of the oxidising-reducizLg agents and surrounded as 
^ey are by hydration shells, the proten-tr^sfer reaction is considerably 
favoured. Nevertheless it is interesting that such powerful reagents as 
persulphate and hydrosulphite ions have no perceptible effect. 

Two reactions in particular might have yielded a greater queintity of 

G* 
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oxygen as in reaction (2a) : these are with ozone and with bromine where 
in their reactions with hydrogen peroxide Taube and Bray ’ and Callow, 
Griffiths and McKeown ® have presented kinetic evidence which suggests 
that the reactions with the HOt* radical are very fast chain-propagating 
steps. 

O, -f H 0 ,« *. 2O, + OH* 

Br, + H 0 /( 0 ,-) »■ O, -1- HBr(Br-) -f Br*. 

In the case of ozone the reason why the reaction is not observed is very 
probably that as soon as any HO/ radical is formed it reacts with an 
adjacent Ob“ in the lattice according to reaction {if). There is no possi- 
bility here of a direct reaction between O, and O,- for O,- can be prepared 
by passing O3 into cold concentrated KOH*. A direct reaction could 
occur though between Br, and 0 ,“ but in this case the proton-transfer 
reactions are apparently faster. 

The kinetics of the reaction between hydrogen peroxide and ozone, 
and the photo-reaction between hydrogen peroxide and bromine suggest 
that the direct reaction between 0|~ or HO3* and H,Ot is insignificant 
in the bulk of the solution. The consumption ratios 

H|0| decomposed HaOt decomposed, 

Ob decomposed Brj decomposed 

were both found to be unity.’* * This reaction between 0 ,~ or HO,* and 
HbO| is one of the two proposed by Haber and Weiss •• to propagate 
a chain in the decomposition of hydrogen peroxide (reaction (5)). 

H, 0 , + HO,* (O,-) ► H, 0 ( 0 H-) + O, + OH*. . (5) 

Brayi*- pointed out that the evolution of oxygen from KO, in water 
furnishes additional evidence against this reaction for none of the H^O, 
formed is decomposed whilst the remaining KO, reacts. The failure to 
observe any reaction between KO, and ozone or bromine (Table II) does 
not invalidate the argument for the following reason. 

The HgO, is formed in situ from the decomposition of the KO, and 
the hydrolysis of the K, 0 , and is therefore present in high concentration 
to compete with the proton-transfer reactions (id) and (le). The speed 
of the proton transfer must be at least 50 times greater, for about 2 
of the reaction with hydrogen peroxide could have been detected in the 
stoichiometric experiments. These experiments thus confirm Bray's 
conclusion and strongly suggest that in the catalytic decomposition of 
hydrogen peroxide, oxygen is evolved not by reaction (5) but by some 
other mechanism. 

Stoldbiometry of the Reaction between KO2 and Ferrous and Ferric 
Salts. — ^The results in Table II show no evidence of direct electron transfer 
between O,” in the KO, and Fe*+ or Fe»+. In both cases oxygen is 
evolved from the KO, according to reaction (i) and in addition 37-5 
and 75 “/o of the hydrogen peroxide formed is decomposed catalytically 
according to reaction (4). This extensive decomposition of the peroxide 
is rather surprising. If a small quantity of H, 0 , comparable to that formed 
from the KO, and K, 0 , is dropped into identical ferrous or ferric salt 
solutions far less decomposition occurs in the same time interval, i.e. 
about 5 — see Fig. sa, b ahd c. 

There are several possible reasons for this. First, in the experiment 
with hydrogen peroxide, diffusion throughout the bulk of the liquid could 
rapidly lower its relative concentration whereas with the KO, sample 
the peroxide produced might react before diffusion occurs. Secondl}^ in 

’ Taube and Bray, /. Amer. Chem. Soc., 1940, 62, 3357. 

• Cahow. Griffiths and McKeowu, Trans. Faraday Soc., 1939, 35, 559. 

• Haber and Weiss, Proc. Roy. Soc. A, 1934, * 47 i 33 ** 

Weiss, Trans. Faraday Soc., 1935, 3 *» 1547 * 

“ Bray, /. Amer. Chtm. Soc., 1938, 60, 8a. 
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the experiments with KOg, the peroxide is produced in a. strongly alkaline 
en\'ironnient and the concentration of OjH~ might temporarily be much 
greater than the concentration of HgO^. Fe*+ reacts far faster with OjH“ 
as shown in the experiments of von Bertelan » and Haber and Weiss.* 
Thirdly, the alkaline environment around the KOi particle might convert 
the Fe*"*" and Fe®+ ions into FeOH+ and FeOH*+ with a concomitant 
alteration in their reactivity. Fourthly, in the decomposition of the 
peroxide from the KOJ radios^ might be formed which could react rapidly 
with any KOg left. 


It is certain that diffusion and the alkaline environment around the 
KOj particle play a part for otherwise all the available peroxide would 
be decomposed by ferric ions rather than the 75 % observed. An experi- 
ment to check this was planned using sodium peroxide in place of the 
KOj sample, to jdeld only OjH~, then H|Oi, by hydrolysis. However, 
a small but very rapid oxygen evolution from the sodium peroxide in 
dilute acids and alkalies invested some 10 % of the higher oxide NaO| 
in the specimen. This surprising result ha-d been confirmed • and the 
experiments with Fe®+ 
and Fe*+ ions and pure 
NaaO| will be reported 
in a later paper. 

Rate of Oxygen 
Evolution In the Re- 
action between KO3 and 
Ferrous Sulphate, 

Ferric Sulphate and 
Gatalase^Fig. i, curves 
h, c and d, show that all 
the oxygen produced in 
the reaction of the KO, 
sample in acidified water , 
acidified ferrous sulphate 
and ferric sulphate is 
liberated within 2 sec. 
from the beginning of 
the reaction. These re- 
sults are very significant 
and have been replotted 
in Fig. 3. Curve a gives 
the oxygen evolution 
from KO| in 0*1 n. 

H»S|P, curves 6 and c 
the ' oxygen evolution 
from the H|0| produced 
in the decomposition of 
the KO, and the hydro- 



CuTve a : KOg sample in o-i >r. H^Og (identical to i 2 >}. 

Curve h : 1*0 u. FeSO^ in o-i n. HgSOg reacting with 
the HgOg formed tn situ (obtained by subtracting 
i& from ic). 

Curve c : I’O M. FegCSOJg reacting with the HgO, 
formed in situ (obinmed by subtracting ib 
from X(i). 


lysis of the K,Og by the ferrous and ferric salts respectively. Their 
significance lies in the fact that under experimental conditions where no 
sign of a direct reaction between O,- and HgO, can be detected, oxygen 
is evolved extremely rapidly in a catalytic, decomposition of hydrogen 
peroxide. The esqperiments even suggest that the speed of this catalytic 
decomposition is comparable to that of the KO, reacting with water. 


^ Von Bertelan, Z. physih. Chsm,, 19^0, 95, 328. 

* Sodium FXroxidb : The two sam|des examined were i>ale yellow in colour 
and in water rapidly evolved a small quantity of oxygen corresponding to about 
10 "/o of the ^i ghar oxide NaOg. The samples were paramagnetic x = **65 and 
2‘i7 X iO“* corresponding to ii ®/o and 9 of NaO, present. Determinations 
of the sodium content confirmed this. Thus, althou^ not yet isolated in the 
pure state, the highest oxide of sodium appears to be NaO, and not NagO, as 
usually accepted.’ A full account of this will be published shortly. 
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The following conclusions can therefore be drawn. First that under 
these experiiuental conditions the chain-propagation reaction, proposed 
by Haber and Weiss for the evolution of oxygen in the catal3rtic de- 
composition of hydrogen peroxide, does not occur (reaction (5)) . Secondly, 
in the place of this reaction there is another mechanism for oxygen evolu- 
tion. This other mechanism may be some variant of the K 0 ( reaction (i) 
such as the mutual reaction of HO, radicals, or a reaction of O,- or HO,* 
with Fe*'*', although this seems unlikely since no evidence for it could be 
detected in the reaction of the KO, sample with ferric salts. 

It must be emphasised that in the first instance these conclusions refer 
only to the decomposition of h3rdrogen peroxide formed in situ from KO, 
and K,Oa. Relative concentrations of reactants and the acidity of the 
medium are very difierent in the reaction of ferrous and ferric salts and 
hydrogen peroxide in homogeneous solution. Nevertheless the existence 
of this rapid reaction evolving oxygen must be taken into account especi- 



ally if there is no kinetic 
evidence for a chain 
mechanism as in the 
ferric ion-catalysed de- 
composition.** 

Similar conclusions 
can be drawn from the 
experiments in which 
catalase was used. 
Fig. r, curves a and e, 
show that in the re- 
action of the KO, 
sample with phosphate 
buffer pB. 5-8 and with 
strong catalase in the 
same buffer solution 
90 % of the total 
oxygen is evolved in 
the first 2 sec., and the 


Fig. 4. — Separate curves showing the oxygen evolved evolution is complete 




from KO, and K, 0 „ and from aqueous hydrogen 
peroxide, plotted against time. 

Curve a : KO, sample in r-o m. phosphate buffer, 
pB 5*8 (idwticsdto la). 

Curve b ; Strong catalase in I'O m. phosphate buffer, 
pM 5'8 reacting with the H, 0 , formed in situ 
(obtained by subtracting la horn i«). 

Curve c : Strong catalase in I'O M. phosphate buffer, 
pB 5*8 + 0*05 ml. 8-6 vol. H, 0 , (26 redrawn to 
scale of 4&). 

from aqueous H, 0 , itself redrawn to the scale of 


results are replotted in 
Fig. 4 ; curve a gives 
the evolution of oxygen 
from the KO, sample in 
the buffer solution, 
curve b the evolution 
from the H, 0 , pro- 
duced from the KO, 
and K, 0 „ and curve c 
gives the evolution 
curve 4b from the points 


of Fig. 2, curve c. 

By a B iTiniiaT argument to that above it follows that catalase evolves 
oxygen from the peroxide formed in situ by some mec hanism other t han 
thft direct reaction of O,” or HO,* with H, 0 ,. Yet, whilst in the reactions 
of ferrous and ferric ions no direct conclusion could be reach^ on the 
decomposition of the peroxide in homogeneous solution, this is ptMsible 
for catalase. Curve 4s shows that when aqueous hydrogen peroxide is 
adrf e d to strong catalase the total oxygen is evolved in about 10 sec. In 
the same time interval and in an identical buffer solution, KO, reacts 
evolving its oxygen with no detectable reaction between 0 ,“ or HO,* 
and H, 0 ». This proves that in the decompositian of hydrogen peroxide 
by catalase the chain-propagation reaction proposed by Haber and Weiss 
plays no part and that the oxygen is evolved by some other mec h a ni sm. 
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Summary. 

A sample of potassium superoxide containing 6i “/„ KO£j 32*5 “/_ K,0( and 
6*5 “/o K,0 was used in gasometric experiments to study the reactions of the 
Ot~ radical in aqueous solutions. 

Evidence is presented which shows that in water, dilute acids and dilute 
alkalies, ox3rgen is evolved as a consequence of proton transfer (a) followed by 
rapid electron transfer (b). 

2O,- + H,0(H,0+) ► [0,-.0,H«] + 0H-(H,0) . . (a) 

[O,- . O^*] — ►0,4- 0,H- . . . .(b) 

In aqueous solutions of oxidising and reducing agents these reactions com- 
pletely predominate and no increase or decrease respectively in the amount of 
oxygen evolved attributable to direct electron transfer with O,- could be detected 
with hydrogen peroxide, ferrous and ferric salts, catalase, bromine water, gold 
chloride, ozone, persulphate ions, stannous chloride or sodium hydrosulphite. 
In some cases, with the metallic salts in particular, oxygen was evolved in ad- 
dition to that from reaction (&) which coidd be accounted for simply by partial 
or complete decomposition of the hydrogen peroxide formed in stiu from the 
KO, and from the hydrolysis of the K,0,. With ferrous salts, ferric salts and 
catalase 37*5 "/j,, 75 and 100 decomposition of the peroxide into oxygen 
was observed. 

This additional oxygen evolution occurred almost as rapidly as in the primary 
reactions (a) and (b) and under conditions where no sign of a .direct reaction 
between O,- and H,0, could be detected. Thus this potential chain-propac^tion 
reaction for the evolution of oxygen in the catalytic decomposition of hyixrogen 
peroxide 

H,0, 4- O,' — ► OH- 4- O, 4- OH- . . , (c) 

does not occur with ferrous salts, ferric salts and catalase under these experi- 
mental conditions, but the oxygen is evolved by some other mechanism. 

The rapid reaction of catalase with hydrogen peroxide whose concentration 
is comparable to that obtained in the experiments with KO, shows conclusively, 
that this oxygen evolution reaction (c) plays no part in the familiar decomposition 
of‘H,0, by ihe enz3nne. 


R68um6. 

On a employd le peroxyde de potassium pour dtudier gazomdtriquement la 
rdaction des ra^caux libres 0,~ en solutions aqueuses. Dans Tean, les acides 
et les alcahs diluds, de Toxygdne se d^[age, d’apms la rdaction (r), suivie de (2} : 

(1) 2O,- + H,0(H,0+)-^ [O,- . 0,H-] 4- 0H-(H,0) ; 

(2) [O,- . 0,H-3 -► O, + 0,H-. 

Dans des solutions d’agents rdduct^urs ct oxydants, ces rdactions dominent, 
mais dans quelques cas la quantitd d’oxygdne Ubdrde est supdrieuire ; ced s'ex- 
plique par la ddcomposition de Teau oxygdnde formde dans le milieu k partir 
de KO, et par hydrolyse de K,0,. 

Zusammenfassimg. 

KaJiumsuperoxyd ist dazu bendtzt worden, um auf gasometrischem Wege 
die Reaktionen von Oj-Radikalen in wUsserigen Ldsungen zu untersuchen. In 
Wasser und verdhimten Sfturen und Basen wird SaueratofE auf dem Wege der 
aufeinanderfolgenden Reaktionen (x) und (2) gebildet 

(1) 2O,- 4- H,0(H,0+) [O,- . 0,H*] 4- OH- (H,0) ; 

(2) [0,-.0,H-] -0,4-0,H- 

In LOsungen von oxydierenden und reduzierenden Substanzen herrschen diese 
Reaktionen vor, aber in manchen FSlIen wild mehr Sauerstoff gebildet, was 
durch die Z^csetxung des in siiu aus KO, gebildeten Wasserstofij^oxyds tmd 
durch Hydrolyse von K,0, erkl&rt wird. 

TAe MolUno Institute, 

Universify of Cambridge. 
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GENERAL DISCUSSION. 

Prof. M. G. Evans, Dr. J. H. Baxendale and Mr. D. J. Cowling (Leeds) 
(communicated) : In a previous publication ^ we showed that the primaxy 
steps in the reaction between hydrogen peroxide and a reducing agent is 

HO-OH + e -► HO- + OH. . . . (i) 

This is followed by a second electron-transfer step involving the OH 
radical : 

HO -{- e HO- . . . . (2) 

We are able to show that the formation of OH radicals could be deduced 
from their action in initiating the polymerisation of vinyl compounds : 

HO 4- CH,=-CH -► HO . CH, . CH— . . . (3) 

^ k 

HOCHj— CH— -f CH,=CH -► HOCHr-CH— CHf-CH— 

^ “ i A 

At sufficiently high concentrations of vinyl compounds, reaction (3) bad 
the effect of suppressing reaction (2), thus leading to a change in the 
stoichiometry from [H,09]a2e in the absence of vinyl compound to 
[H|0|]ae in the presence of a sufficiently high concentration of poI}nner- 
isable compound. This t3^ of study is an instructive way of investigat- 
ing the conditions of formation of free radicals arising from primary 
electron-transfer reactions. 

Wo have recently extended this field of investigation to include not 
only H|0, but also compounds of the type HOX in which X is chlorine 
or bromine. We have chiefly used ferrous ions as our source of electrons 
but have sflso investigated Ihe reactions with iron complexes. We wish 
to report here the preliminary results obtained with HOBr. 

In the case of HOBr the primary reaction might be either : 

« -f HOBr -*■ HO- -f- Br . . . (4a) 

or fl •+■ HOBr -► HO -|- Br- . . . {46) 

An investigation of the stoichiometry not only of the iron but also of the 
halide ion as a function of monomer conc^tration will decide between 
these two possibilities. Thus if reactionr (4a) is followed by 

Br 4- CH,=CH BrCHr— CH— 

R R 

then the amount of halide ion formed with increasmg monomer concentra- 
tion should decrease. If, however, the primary step is {46) followed by 

HO 4- CH,=CH HOCHg— CH— 

A 

then the amormt of halide ion formed will be independent of the monomer 
concentration. The experimental results are shown in Fig. i and lead 
to the condusian that the primary reaction is the formation of the halogen 
atom. We suggest that tibe reason for this is that the electron affinity 
plus the heat of solvation is greater for the OH radical than for the 
bromine atom, and hence the heat of reaction (4a) is more exothermic than 
that of reaction (46). . 

^ Baxendale, Evans and Park, Trans. Faraday Soc., 1946, 43, 133. 



GENERAL DISCUSSION 207 

In Eig.c Tve show the results obtained with hydrogen peroxide tinder 
comparable conditions, and it is important to notice that the presence 
of a monomer is much more elective in suppressing reaction (2) in the 
case of OH radicals th a n in the case of bromine atoms. The rate which 
these curves fell ofE with monomi^ concentrations is i^ted to the ratio 
of velocity constants Ag/Ag for reactions 

X + CH,=CH XCH, . CH— A, 

R R 

X + Fe++ ■^X- + Fe+t+ A» 

Because the carbon-bromine bond strength is weaker the carbon — OH 
we can predict that the velocity constant A, will bo leas for bromine 
for the hydroayl radical. On the other hand, reaction A, is ftTrr>thprmip. 
both for bromine atoms and hydroxyl radicals, and as yet little is known 
about the velocity constants of such reactions. We would suggest. 



Curve (1) H, 0 | : 8 x io~* m. 

Fe++ : t6 x ro-* m. 

Curve (3) HOBr: 10 x 10-* m. 

Fe++ ; 37 X icr* m. 


Curve (2) HOBr : 8 x io“* 11. 

Fe++ : 15 X ro“* m. 

Curve (2) Refers to the change in 
ferrous ion and bromide ion 
concentration. 


however, that it is the change in the velocity constant A, which is re- 
sponsible for the greater efiectivmiesA of monomer in the case of hydrogen 
peroxide as compared with its action in the case of HOBr. 

Dr. J . Weiss (Newcastls) said : It is of interest that Dr. Waters has 
produced some fr^ evidence for the RCHOH radicals which were £x^ 
^posed by Haber and WiUstditter in 1931 and which also ]^y a very 
important part in the mechaDism of the Cannizarro reaction.* 

Dr. G. J. Minkott (^London) said : In view of the large number of 
postulated free radical mechanisms involving h3rdrogen peroxide, I should 
like to draw attention to the feet that not all the reai^ons of hydrogen 
peroxide involve such TTiftchaTusm.s. Dr. Bunton, 1 V&. Everett and 1 
have been investigating the reactions between alddiydes and peroxides 

■ Cf. Weiss. Trans. Faraday Soc,. 1941, 37, 770. 
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in oi:ganic solutions. We have found considerable evidence in favour of 
an ionic mechanism of the type 


H, 0 , HOr + H+ 


HO- + CH,C-^ 

\d 


yS. yxx 

CH,C~OH ^ CH,C— OH. 

\00- \00H 

For example, these reactions are insensitive to illmnination by daylight, 
^ catalysed by adds and by bases, and proceed faster in solution than 
in the ^ phase. It is hop^ that a report of these investigations -will 
be published shortly. 

Dr. M. J. S. Devrar {Maidenhead^ said : Dr. Waters has suggested ’ 
that the Criegee and Malaprade reactions proceed by a fr^radical 
mechanism analogous to the oxidations with Fenton's reagent. This 
seems unlikely. Firstly, the oxidations of glycols by HIO4 or Pb(0Ac)4 
proceed rapidly and quantitativdly under conditions where the oxidants 
are stable ; nor do the reactions show the characteristics of radical-chain 
reactions. Secondly, oxidation of tartaric add with Fenton's reagent 
gives dioxymaleic and dioxytartaiic adds ; but oxidation of the add 
with HIO4 gives a quantitative yidd of glyoxilic add, and oxidation of 
ethyl tartrate -with Pb(OAc)4 gives about 90 % of ethyl glyoxilate. The 
mechanisms of the reasons must therefore differ. It seems more hkely 
that the HIO4 and Fb(OAc)4 oxidations proceed by simple bunolecular 
reaction through transition states of the type (1) 

R,C-:-iO. .H...AcCK, 

^PbO(Ac), 

R,C— O..H...AcO' 

(I) 

Dr. W. A. Waters {Oxford) said: The experimental study of the 
mec h a nism of glycol-splitting is a problem on which Mr. Merz and I are 
now engaged, and I should iSse to make the present factual position quite 
dear. 

The free *OH radical can undoubtedly bring about ^ycd-splitting, 
because the HjOi — ^Fe++ mixture converts pinacol to acetone quite rapidly. 
This, however, is not a chain reaction, and, since there is no reduction of 
Hg++, it must necessarily involve the attack of O— H bonds, thus : 

C— O— H + •OH ». C 5 — O* -f H— OH. 

On the other hand, the action of H| 0 ]i — mixture on 2 ; 3-butylene 
gl3mQl, HO — CHMe— OH, yields much more diaoetyl than acetalddiyde ; 
C— H bonds are attacked and Hg'*"*' is reduced. 

I vrould suggest that whilst -£e reaction. 


/H 


r/ 


H 




•H 


-f 'OH *- R' 




H 


+ H— OH, 


is rapid, exothermic and ineversible, tiie alternative process, 

R"CH-- O— H + •OH ^ R"CH- 0 * + H— OH. 

which we had to invoke to ex|Qain our “ dilution effect " (p. 184) can also 
occur as a reversible chain-transfer process. The oxidation of pinacol . 
then shows that the radical HO — CMe^ — CMe^ — O* f‘ATi undergo dis- 
proportionation. giving a diradical which effects glycol-splitting. It is 
premature to say whether all other cases of ^ycol-sj^tting occur similarly, 
or vriiether the diradical is formed by a smgl&etage breakdown of a cyclic 
compound as suggested by Criegee. 

We have prdiminary evidence to indicate that changes of pn, and 


■ Trans. Paraday Soc., 1941, 37, 779 ; 1946, 43, 185. 
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the additions of other anions can, bj altering the equilibria concerned 
in chain transfer, greatly alter the rdative ease of the C — and the O — 
attacks in aqueous solutions. For instance, an increase of pv. seems to 
fevour glycol-splitting, po^bly by 'weakening — OH links, or by facilitating 
electron release from C — O: . Again the addition of phosphates decreases 
the efl&cacy of oxidation of alcohols by Fenton's reagent, probably by 

replacing ‘OH by the less active *0 — PO 


radical-ion. 


\ 0 : 


CH,OH 

(inoH), 

•<L— OH 
0 O_ 4 }_-OH 


(I) 


Acetates too 'would be expected to give th^resonance-stabilised radical 

CH, — 'therefore might be much less active than hydroxyl 

towards C — links, but still might be capable of chain transfer with 
R— 0 ~H. 

All these questions of relative reacti'vity and chain 'transfer need to 
be examined on a quantitative basis before 'we can be sure of the exact 
mechanisms of all our oxidations. It is well to remember too that even 
in cold solutions both the Criegee and the Malaprade reagents can be used 
to oxidise organic compounds of othw types 'than glycols. 

Dr. T. P. Novell {Manchester) said : ^me work about to be submitted 
for publication suggests 'that Dr. Dewar’s objections to 
a free-radical mechanism for ihe oxidation of a- 
glycols by periodate are not justified. In tbe oxida- 
tion of glucose by periodate, the final products of 
which are formaldehyde and formic addl relativ^y 
stable intermediate prc^ucts which are themsel'ves oxidis- 
ing agents have been detected. It is postulated that 
thi^ substances are resonance-stabiU^d ionic free 
radicals of the type (I) which can be obtained by -the 
abstraction of two atoms of b3rdrogen from the hydmted 
open-chaia form of glncose. Another point of shnilaii'ty between tbe 
action of Fenton’s reagent and periodate is 'the ability of both reagents 
to oxidise hydroquinone to quinone by the removal of two atoms of 
hydrogen. 

Dr. J. L. Bolland (PTslieyn) said : A type of reaction commonly 
occurring in free-radical dieruistry is the int^action between a radical 
and a molecule in which a hydrogen atom is transferred from the molecule 
to the radical. The detailed chemical structure of the molecule concerned 
'will obviously influence 'the ease -with which a hydrogen atom may be 
abstracted from it, and in several contributions to 'the discussion efiects 
of the kind are traced (e.g. A further experimental method of 

measuring the rate of such hydrogen-transfer reasons emerges from a 
study of the kiuetics of oxidation of a series of nou-conjugated olefins, in 
presence of a radical-producing chain initiator like l^nzoyl peroxide : 
without introducing any unjustified assumption it is possihle to determine 
fear each olefin the relative rate of 'the oxidation du^-propagation step : 

ROr + RH RO,H + R- A, 

(where RH and RO,H represent an olefin and the corresponding a-methyl- 
enic h3niroperoxide zospectivdy. R- the radical resulting from abstraction 
of one oc-methylenic hydrogen atom and R 0 |~ the coirespondii^ per- 
oxide radical). Difierences in the rate of this reaction for dinerent olefins 
may be attributed almost entirely 'to variations in 'Qie R — H bond strength, 
smee 'the influence of the structure of -the hydrocarbon portion on -the 
reacti'vity of the RO,“ radical is likely to be of only secondary importance. 

* Merz and Wa'teta, 'this Discussiou, p. 179. 

* BoUand and -t^ Have, ibid., p. 252. 

* Gregg and Mayo, ibid., p. 328. 


V Steiner, ibid., p. 87. 
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As an example of the results obtained by the method we may quote 
relative figures for the reaction velocity coefficient A, for six hydro^bons, 
which illustrate the influence of metiiyl substitution at a double bond 
on the ease of a-methylenic hydrogen removal. The first three hydro- 
carbons are aliphatic, tire remainder allyl benzene derivatives. . 

The increase in A, with increasing degree of substitution observed in 
both series of hydrocarbons is paralleled by a decrease in activation energy 
(A£a)f the most probable values of which are induded in the table. 
There is a definite increase in frequency ffictor as the energy of activation 
increases, in conformity with the observationa of Gregg and Mayo * on 
the very similar transfer reaction in pol3rmerisation. 

Que^tatLvely these results can easily be accounted for by consider- 
ation of the resonance energy of the difierent E.~ radicals involved, or 
by the application of molecular-orbital concepts ; ‘ quantitative con- 
sideration of these and other similar simple substitutive factors represents 
an interesting and important problem. 


Olefin. 

(relntlve). 

A£» 

(kcal./niole.}. 

R 

CH, 

CH=CH, . 

(I) 

(0) 

R' 

, CH, 

. CH=CH . CH, . 

3-6 

1*7 

R' 

CH, 

, . CH=C . (CH,), . 

18 

3-9 

<!>. 

CH, . 

CH=CH, 

6-0 

2*4 

4 ,. 

CH, . 

CH=CH . CH, 

29 

4*5 

4 .. 

CH,. 

CH=C . (CH,), . 

98 

6-0 


Dr. J. Weiss {Netvcastle) said : The paper presented by myself should 
be regarded as a first attempt to describe the mechanism of the reaction 
with a minimum number of elementary processes sufficient to bring out 
all the essential features. Thus, at stage, the influence of ps. and 
of other factors has not been discussed in detail.* In the case of quanti- 
tative measurements as carried out by Haber and Weiss (loc. dt.) in the 
system H,Og — ^Fe^, it is most essential to ensure — by special devices — 
that the mi-ging ’ velodty is greater than the (chemical) reaction velodty. 
It is clear that if this condition is not fulfill^ the initial concentrations 
are not properly defined. 

Dr. J. Y. Macdonald {St. Andrews) said : There is reason to believe 
that some of the complexities of the decomposition of silver oxalate-” 
may be explained by assuming that a semi-oxidised oxalate ion of the 
type postulated by Weiss is formed, the reaction being 

CjOj ^ CjOi" 2CO|. 

The fact that this ion is part of a solid structure while that of Weiss is 
in solution, however, may make a fundamental diflerence. The oxalate 
ton is unstable in the vapour phase, but becomes stable when it is in the 
strong positive electric fidd wUch is provided by the neighbouring cations 
in the crystal lattice, and by the water dipoles in aqueous solution. The 
same thing is to be expect^ in the case of the semi-oxidised ion, whose 
stability (i.e. life period) will probably vary with the strength of the sur- 
rounding field, i.e. with -the dipole moment of the solvent. Hus is a mattei 
of practical importance when studying, say, alcohol-water mixtures whose 
composition is varying. The above considerations apply to other 
unstable ions such as 804- 

Dr. N. Uri {Leeds) {communicatetL) : The Haber-Weiss chain mechan- 

* Walsh, ibid., this Discussion, p. 18. 

* Macdonald and Sandison, Trans. Faraday Soc., 1938, 34, 589, etc. ; Tompkiiis, 
ibid, (in press). 

‘oProc. Roy. Soc. A, 1934, 147, 332. 
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ism has no doubt brought much Kght upon a great number of confusing 
experimental phenomena, for which only very unsatisfactory theones, 
as the formation of higher iron peroxides, could be put forward. Con- 
firmatory evidence (though likewise mdirect) for the formation of OH 
radicals in the Fe'*^ — S5rstem has alM recently been presented 
by Baxendale, Evans and Park.^^ There are, however, many points yet 
to be clarified, especially with regard to the kinetics of the fibain reaction. 
These apply also to the present paper. With the assumption of the 
stationary state one should expect that the raU of CO, evolution or 
calomel formation is entirely independent of the ferrous ion concentration. 
This conclusion has not been experimentally verified. The following 
question arises : why is oxalic acid not activated (assuming the Haber 
and Weiss mechanism) in the a37stem Fe+++ — ^HjO^ even in the dark, 
according to the following equations : 

Fe+++ + HO7 = Fe++ + HO, . . . (i) 

HO, + H, 0 , = O, -f H ,0 -I- OH . . (2)* 

OH + 0 , 0 “ = OH- + C.Or ... (3) 

Should one expect that O, evolved in (2) inhibits the chain reaction 
with C ,07 by C ,07 + O, = 2CO, -f- 07 (eqn. (17) in the paper pre- 
sented) ? This inhibitory mechanism is, however, hardly adequate, 
when a s3rstem containing HaO, is considered, since O7 (or HQ,) may 
then react with H, 0 , to give again OH and 0 „ producing CO, according 
to (3) and (17) ; in other words the inhibitory reaction would be part of 
anomer che^ mechanism for the oxidation of oxalic acid. 

Moreover, when the crystallised Ka[Co(C,04)a] is dissolved in water, 
it is a very active catal3r8t for the decomposition of hydrogen peroxide, 
without the oxalate, however, being oxidised during the O, evolution. 
The cobaltic oxalate complex decomposes only very slowly at room 
temxierature. This phenomenon is difficult to explain with -^e theories 
put forward in the present paper for OH radicals as probable chain carriers 
of the H, 0 , decomposition as well as cobaltic ions should initiate a rather 
quick oxalate destmction. 

Finally, it would be interesting to learn whether the chain length 
of the reactions leading to CO, evolution or to calomel formation can he 
consid^bly increased by adopting different mixing conditions (compare 
the " centrifugal ” and the " pouring " experiments reported by Haber 
and Weiss *"). This poiut has not as yet been mentioned in any of the 
numerous papers dealing with the structure of " active ” oxalic acid. 

Dr. J. Weiss [Newcastle) [partly communicated) : In the reaction be- 
tween H, 0 , — and different substrates one encounters two essentially 
different types of reactions.** 

Cask (a). The acceptor is oxidised ottJy by the system (H, 0 , -f Fe“) 
and the oxidation of tlm acceptor comes to a stop when all the Fen has 
been transformed into Fe™. This is the case with most of the acc^tors 
(e.g. formic acid, alcohols, H,AsO,). 

Case (&). The acceptor is readily oxidised by ferric salts alone (but 
not by H, 0 , alone). In this case one finds— superimposed on the action 
of the OH radicals as in (a) — that the action of the hydrogen peroxide 
consists chiefly in the reputed re-oxidatioD of Feh to FeP*. This is the 
case wiifi. acceptors such as bydroqninone, catechol, etc. 

The answer to Uri's question is contained in ihy paper. For the 
formation of calomel, a suitable oxidising agent is required to start the 

** Trans. Faraday Soc., 1946, 4a, 155. 

* HO, in eqn. (a) has been later replaced by OJ. It is, however, well estab- 
lished t^t the rate of H, 0 , decompositioa cafedysed by Fe+++ ions is inversely 
proportiozuil to (H+j and not to its square as it might be derived from the latter 
assump^n. 

*• Cf. Weiss, J. Physic, Chem., 1937, 4 *» no?* 
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process and the same oxidising agent generally acts as inhibitor of the 
chain reaction. Only if a certain balance is struck between these two 
processes can the formation of calomel take place. The inhibition by 
oxygen (or other oxidising agents) is due not only to a reaction with 
0,64- as Uri suggests, but the reaction with Hg+ is of equal importance. 
Ferric ions themselves are known to be strong inhibitors for the calomel 
formation (cp. Rosevaere, J. Amer. Chent. Soc., 1930, 52 , 2612) while it 
is not cert^ whether they ipitiate the reaction, even in the presence of 
hydrogen peroxide. I am not aware, however, of any experiments which 
show that calomel is definitely not formed under these conditions. 

In the presence of potassium cobalti-oxalate, it is quite po^ible that 
at low concentrations of oxalate the decomposition of hydrogen peroxide 
predominates ; it follows clearly from the theory that there is ^ways a 
competition for the oxidising radicals between the oxalate and the 
hydrogen peroxide. 

Dr. W. A. Waters {Oxford) said : In connection with Dr. Weiss’s study 
of the active radical derived from oxalic acid, I wish to report that in 
the Dyson Perrins Laboratory Mr. Merz has recently found that a simila-r 
reduction of mercuric chloride is exhibited in our alcohol — ^H(0| systems. 
This is evidently due to the reaction 

CH,— CH-OH+Hg++ — ► Hg++CH,— CH— H — ► CH 4 -CH= 0 +H+ 
and affords excellent substantiation for the view that the oxidation of 
alcohols normally involves attack on the C— H bond, since a reaction 
such as 

CHr-CH,— O- + Hg++ — ► CH»— CH,— O + Hg+ 
is quite out of the question. 

The radicals derived from primary and secondary alcohols, including 
ethylene glycol and 2 : 3-butylene glycol, and also the ladic^ derived 
from acetaldehyde, all have this power of reducing mercuric chloride, but 
significantly enough the radicals involved in the oxidation of pinacol, 
HO — CMe, — CMeg — OH, do not affect mercuric chloride. Thus the 
reduction of a mercuric salt seems to be a good test for the presence of a 
trivalent carbon radical in aqueous solution. , The reaction is a chain- 
breaking process which may help us to determine the absolute rates of 
our free r^cal-oxidation processes. 

With respect to permanganate oxidation it is worth recalling that 
oxidation curves very similar to those of page 194 were report by 
Doroshevskii and Baidt ” in 19x4 for the permanganate oxidation (ff 
alcohols in the presence of ferrous salts. 

In the past year Mr. R. D. Brearley, of Orid College, and I have been 
carrying out exploratory studies of permanganate os^ations of organic 
compounds which show that reduction-a^vation " is quite common 
in Ihis complex system. For instance, thou^ KMnO^ gives a stable 
solution m acetone, when such solutions are used for oxidisLxg other organic 
compounds then some concurrent oxidation of the acetone frequentiy 
occurs. Thus some intermediate oxidation product, derived from KMnO,, 
or from organic substances such as cydohexand, must be capable (ff 
attackmg -the C— H bonds of acetone. This is not the *OH radical since 
the H, 0 , — system has scarcely any action on acetone. We may 
therefore have to take into consideration other transient intermediate 
than Mh’+. 

Dr. J. Weiss {NewcasiU-onr-Tyne) (communicated) : With r^ard to the 
paper of Haber and Weiss publish^ in 1934, it has been foux^ now that 
cerbdn simplifications can be introduced so that all the reactions between 

*•/. Russ. Physic. Chem., 1914, 46, 754. 

** Haber and Wdss, Proc. Roy. Soc. A., 1934, < 47 > 33 ^ • dso Naturwiss.^ 1932. 
ao, 948. 
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iron salts and hydrogen peroxide can be described to a good approximation 
by the following five equations : 

(I) Fe*+ + H, 0 ,-*.Fe»+ + 0 H- + 0 H (Ai) 

(a) H, 0 , + OH H ,0 + HO, (AJ 

( 3 ) H, 0 , + HO, - H ,0 + O, + OH (A,) 

(4) Fe*+ + OH Fe*+ + OH- (A.) 

(5) Fe»+ + HO,- Fe,+ + HO, (A,) 

(50 Fe»+ + HO, Fe»+ + HO,- (A',) 


It is known that hydrogen peroxide reacts with ferrous salts in a rapid 
reaction which practically comes to a stop when all the ferrous salt has 
been transform^ into ferric salt. A defi^te amount of H, 0 , has then 
disappeared per one mole of ferrous salt used up corresponding to the 
(relatively short) time-interval in which the practic^y complete oxidation 
of ferrous to ferric salt has taken place. As shown previously, reactions 
(i), (2), (3) and (4) are adequate to describe the course of the reaction. 

Starting with a " neutral ” solution, H+ ions are used up in the re- 
action and the ferric ions are hydrol^^ed or precipitated as basic salts and 
are thus eliminated from the reaction. It should be pointed out, however, 
that eqn. (4) can be replaced formally by eqn. (5^ although the fact that 
one can have the simple stoichiometry comprikng reactions (i) and (4) 
would seem to favour (4). 

From the eqn. (i), (2), (3) and (4), it is possible to derive an expression 
for the mean consumption ratio (n), i.e. moles of H, 0 , decomposed by 
one mole of FeP salt which is given by : * 


- A(H, 0 ,) 
-A(Fen) 


J 0 df 

Jo dr 


k X 

f‘[H,OJ[Fe»+]di 
J 0 


If the time-dependent concentrations of the reactants are replaced by 
suitable mean concentrations (H, 0 ,)«, and (Fe*+)«, one obtains : 


, At 

n = 0.5 + 


(H,Q,), 


However, the above scheme of reactions cannot be quite complete as 
it is known that the cbaia length decreases with increasing H'*' con- 
centration. This means that the chain propagation is to some extent 
inhibited by H+ ions. This could point to participation of HO,- or O,"^ 
in some of the reactions. It is also possible that some of the chain- 
breakmg processes are accelerated by H+ which could be due to the par- 
ticipation of H, 0 ,+ instead of HO,, or H, 0 + instead of OH, in certidn 
chain-breaking processes. The interactions of two radicals have been 
excluded from the alxive scheme mainly for reasons of simplicity but 
there can be no doubt that they are of some importance, e.g. at sufihdently 
low Fe*+ concentrations and also, for instance, in the photoch emi ca l 
d^omposition of hydrogen peroxide. 

In acid solutions when the ferric salt remains in solution, the rapid 
reaction between ferrous salt and H, 0 , is followed by the very much 
slower (catalytic) decomposition of hydrogen peroxide. As was diown 
previou^y,^ in tbia reaction the ferric salt is periodically reduced (and 
reoxidised) in ihe course of the xeacticm and a stationary state is established, 
which normally is situated almost completely on the ferric side. 

Recent investigations have shown that the course of this catalysis 
can be described 1^ the above equaticms xvithout the inclnsion of eqn. (14) 


* This expression shx>ald replace the one given previously, (cf. also Weiss, 
Trans. Faraaay Soc., this Discussion p. 188). 
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of the previous paper.** -It has also been confirmed that Fe®+ ions enter 
into the mechanism and not any of their hydrolysis products (e.g. 
Fe(OH)®+). However, as pointed out above, the stationary Fe*+ con- 
centration is very low in -^is case and in a region where — according to 
the previous discussion** — the interaction of two radicals can alrrady 
assume importance in the chain-breaking processes (e.g. the reaction, 
HO, + OH -j- H ,0 + O,). 

In an endeavour to find again the fninimum number of equations which 
are adequate to describe the course of the reaction one observes that 
eqn. (3), (4), (5) and (5O are sufiB.cient to deal with the feme ion catal3rsis 
in acid solution. This l^n corresponds to the following stoichiometry : 

H, 0 , = H+ + HO," 

Fe»+ + HO,- = Fe*+ -1- HO, 

H, 0 , + HO, = O, + H ,0 -h OH 
Fe»+ 4- OH = Fe»+ + OH- 

OH- H+ = H ,0 

2H,0, = 2H,0, + o. 


For the stationary state of the raxiicals one obtains in the usual way : 


+ 


di 


I d(H, 0 .) 


^,[Fe»+][HO,-] 


dt - J 4- A'5[Fe»+] 


which for the low [Fe*+] present in the solution may reduce, for 
ft',i:Fe*+]<*,[H.OJto: 


d(0.) 

di 


A,[Fe«+][HO,-] = 


[Fe «+][H,OJ 
[H+] ' 


(R!^oi = constant of hydrogen peroxide) which is in agreement 
with the e2^>erimental jhu^s. 

Dr, N. XJrl {Leeds) {communicated ) : In coimection with Dr. Weiss's 
proposal (p. 2 1 r) to divide the systems Fe?® — ^H, 0 ,-acceptor into two groups, 
it would appear that a division into three difierent types is preferable. 

Cask {a). The acceptor is oxidised by both the Fe“ — ^H, 0 , and the 
Fe®“ — system but neither by ferric ions nor by hydrogen peroxide 
alone. 'Ihis is the case with most of the acceptors, such as alcohols, 
organic hydroxy-acids, etc. When all the FeP has been transformed 
into Feh*, the oxidation comes to a stop only when the solution is either 
strongly acid or the ferric ions are withthrawn by precipitation or complex 
formation. It should be added that the rate of oxidation is in all cases 
higher with the Fe“ — ^H, 0 , system than with Fe*“ — ^H, 0 ,. 

Casb (6), as proposed by W^eiss 21 1). 

Casb (c). The acceptor is oxidised by H, 0 , 4- but is not afiected 
by HaO, -j- F^. An example for this case is oxalic acid which is dealt 
with in a paper presented by Weiss in this discussion. Case (c) applies 
to those S3^stems, in which O, acts as an inhibitor of the acceptor-oxidation. 

As a general rule, it would appear that in (»ses where O, acts as an 
inhibitor, the acceptor reaction does not occur when HO, and not OH is 
the radi^ primarily formed in the system. This has been shown for 
polymerisation systems as well as for Fe°* — ^HgOg-oxalate and C 6 °* — 
ox^te. 

It might be added that with r^;ard to the de«)mposition of H, 0 ,, 
the catalytic activity of fertic ions or cupric ions can be considerably 
increased by their transformation into certain labile co-ordination com- 
pounds such as chloro-complexes, but even under these conditions and with 
a continuous stream of nitrogen passiag Ihrough the sj^st^, no pol3nmer- 
isation occurred, when acrylonitrile had been previously addled, to 
the reaction mixture (unpublished experiments by N. Uri). The more 
difficult aspect of tiie problem is the mechanism of the inhibition reaction. 
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Prof. A. R. Ubbelohde {Belfast^ said : With regard to the reactions 
involving electron transfer, it is important to remember that in the aqueous 
solution wo do not normally deal with " naked ” positive ions such as 
Fe+++, Mn+++, etc., but with co-ordination complexes. This has a bearing 
on the argument about the ease with which an electron can be transferred 
from the d quantum groups of the transitional ion. For example, in 
investigations on the rate of oxidation it was anticipated that electron- 
transfer reactions should be much more rapid than those involving co- 
valent linkages, and, for example, that reduction of the manganic ion 
Mn+++ would be much more rapid than the reduction of the permanganate 
MnOf. Experiments showed that this reduction was, in fact, much more 
rapid, but it also showed that the " manganic ion " was present eis a 
complex ion with negative charge. In fact, we must normally expect 
the electron to be tnmsferred through a co-ordinated sheath of molecules 
around the atom under consideration. It is interesting to consider under 
what circumstances this transfer can take place very quickly. Two 
illustrations may be given. 

(i) When the co-ordinated molecules are H ,0 molecules, it may be 
that certain radicals such as OH are especially favoured for the transfer 
of electrons in a series of bond switches facilitated by the specific forma- 
tion of hydrogen bonds. 

An " oxidation transfer " of electrons inay be S3nnbolised in terms of 
an electron switch across co-ordinated HtO, to an OH ion : 


H ,0 

1 ^H,0 

#e+++ /H 

t ^oC 

H O 


. OH' 


Stage I. 

OH' ion approaches the com- 
plex ferric ion and forms a 
hydrogen bond. 



Stage II. 

OH radical leaves the complex 
ferrous ion. 


Reduction transfer is the reverse of the above. 

(2) Alternatively, sheaths of co-ordinated molecules in complex ions 
may act quite generally as conductors of electricity, or as msulators, 
depending on their electronic structure. For example, H ,0 molecules 
apparently act as conductors. But other more stable complexes such as 
r T++++ r -|+++ 

Fe(CN) -► Fe(CN) may perhaps involve a " slow ” electron 

switch. It would be interesting to search for co-ordination complexes 
in which the electron switches are “ insulated " from the surroundings. 

Mr. J. £. B. Randles {JBirmingha/nC^ said : With reference to the re- 
marks of Prof. Ubbelohde concerning the facility of electron transfer to, 
or from, a " complex " or solvated ’ion, I can give some information about 
this process when it occurs at the surface of an electrode in a solution. 
Measurements made by an oscillographic method " indicate that reactions 
such as F6(C|04)J“ ^ Fe(Cj04)j ”’■ 4 - andeFe(CN)j ^ Fe^CNIj”" “J"® 
are extremely rapid and must have almost zero activation energy whereas 
electron trariMers to, or from, hydrated ions are often comparatively slow. 



(the last being extremely slow). Although the experimental data are as yet 
insufficient for a definite statement I think that it is probably the case that 
electron transfer to, or from, on ion occurs without appreciable activation 

Ubbelohde, J. Chem. Soc., 1935, 1605. 

Cf. Ubbelohde, loc. cit., 1607. 

IT Randles, Trans. Faraday Soc., 1947, 44A (in press). 
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energy unless some re-arrangement in the immediate sheath of co-ordinated 
ions or molecules accompanies the change of charge. 

Dr. R. A. Robinson {Auckland) {communicated ) : Dr. Ubbelohde's 
suggestion that the effect of the water molecules* around the ions in the 
Fe+ — Fe++-* a3rstem might be obviated by working with the Fe(CN) j — — 

Fe(CN)f sy^em, prompts the farther suggestion that this object could 

also be achieved by surrounding the cations with ethylenediamine mole- 
cules. Some experimental evidence has been obtained recently that the 
" solvation ” eff^ between zinc ions and water molecules can be destroyed 
if the cation is present as [Zn 3en]++. Mr. E. O. Farrelly “ has measured 
the isopiestic ratio betweJsn NaCl and [Zn sen] (NO,), from which the 
following osmotic coefficients can be calculate and compared with those 
of zinc nitrate.^* 


m 

€>•1 

o*a 

0-3 

0-3 

0*7 

I‘0 

1*3 

3-0 

B 

30 

3-3 

4*0 

^[Zn 3eix](N0,), . 

o-97a 

0*888 

0*831 

0*733 

0*703 

0*633 

0*608 

0*394 

0*391 

0-393 

0*600 

0*688 

^]Zn(NO,)J 

0*863 

0*873 

0*890 

0*934 

0*983 

1*064 

1*309 

1-333 

1*306 

1*664 

1*817 

1*960 

^[Zni3H,0]{N0,}, 

0*843 

0*833 

0*833 

0*833 

0-833 

0*834 






— 


In the most dilute solutions the osmotic coefficients are higher thaw 
woffid be expected ; this is probably due to some dissociation of the com- 
plex ion. In the more concentrated solutions, however, the coefficients 
are very low, comparable with those of sodium sulphate and in mar k ed 
contrast to liiose of Zn(NO,),. Mr. R. H. Stokes and I have advanced 
a “ hydration ’* hypothesis leaiding to the equation : 

— log y = 0-5092 ZjZ, V nf{x •+• 0-3286 aV n) n/v log a* 

-f log [i — 0-018 {n — v)m} 

for the activity coefficient in water at 25° of a salt disBociatmg into v ions 
with an effective hydration number of n. The experimental ^ta for 
Zn(NO,), are satisfied by a 5-13, n = X2-o. It is therefore better to 
compare the osmotic coefficient of [Zn 3en](N0,), with that of 
[Zn 12 H,O](N 0 ,),, the latter beiag calculated from ; 

^[Zn 12 H, 0 ](N 0 ,), (55-51 — i2w)/55-5i ^[Zn(NO,)J 

and given in the last line of the above table. It is evident that a con- 
siderable proportion of the difference between the " aquo *' and the ethyl- 
enediamine ^t is explained by the fact that no account is taken of Ihe 
hydration effect in calculating the usual stoichiometric osmotic coefficient 
of the former. That the values for the ethylenediamine salt are lower, 
even after allowance is made for the hydration effect in the “ aquo " 
salt indicates that it has a smaller mean ionic diameter, of the order of 
3-5 A. ; the ethylenediamine molecules are more tighffy packed than 
&e water molecules. The important fact is that ^ for [Zn 3en](NO,)a is 
not greater than that for the aquo salt ; it follows that in the former 
interaction between the complex cation and solvent molecules is small 
in extent if not entirely negligfole. If the same is true for the Fe++ — ^Fe+++ 
system, then ethylenediamine or one of its homologu^ should be of use 
in screening the ions from solvent molecules. 

u Thesis (University of N.Z. 1945). Solutions of the following molalities of 
[Zii3on] (NOj,: and NaCl respectively, wore isopiestic : o-r403, 0-2127 1 0*3077, 

0- 4180 ; 0-3238, 0-4362 ; o-39r3, 0-5002 ; 0-5580, 0-6667 0*9283, 0-9828 ; 

1- 074, 1*099 ; i*73^» i*6ii ; 1*758, r-632 ; 2-427, 2-181 ; 2-897, 2-527 ;• 3-467, 
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Prof. M. G. Evans {Leeds) said : We naturally realise^ as Prof. Ubbelohde 
has pointed out, that in these ionic reactions the ferrous and ferric ions are 
solvated. In picturing the detailed mechanism of such reactions one 
must consider the role T)layed by the water molecules in the solvation 
shell of the ions. The energy of replacement of the molecules of the solva- 
tion shell by the reacting partner is an important factor in determining 
the activation energy of reaction, and moreover, changes in the entropy 
of solvation are reflected in the entropy changes of the reaction. As an 
example of this we can cite the large entropy change accompan3dng the 
reaction 


Cl- _|_ a_OH -> Cl-Cl + OH- AS = - 23 cal./®. 

This large entropy change anses practically entirely from the stronger 
solvation of the OH ion as compared with that of the chlorine ion. 
type of entropy change reveals itself not only in the equilibnum constant 
but also in the velocity constant of the reaction. Thus in the reaction 
between ferrous ions and hydrogen peroxide, we attribute the low tem- 
perature-independent factor : k = 1-78 x 10® . to the forma- 

tion of the h^vily solvated hydroxyl ion.*^ 

The energy of co-ordination of water molecules around ferrous and 
ferric ions is included in the oxidation-reduction potential of that system. 
Changes in the nature of the complexes, for example, by changmg to 
ferrous acc' di-pyridyl and phenant^oline complexes or to ferrocyanide, 
bring about changes in the oxidation-reduction potential of the system 
and Mr. Cowling has shown that such changes very markedly afEect the 
rate of the primary electron-transfer reaction, and in fact these two effects, 
namely, the oxidation-reduction x>otential and the velocity constant can 
be dire^y related. 

Dr. N. Url {Leeds) {communicated) : The interpretation given by Prof. 
Ubbelohde (p. 215) to the electron-transfer reaction involving solvated 
ferric ions and hydroxyl ions apparently does not take into account the 
formation of [Fe(H, 0 )B . (OH)]++ in aqueous solution.®* This latter ion 
has, according to Rabinowitch,*® a characteristic electron-transfer spectrum 
and can hardly be dmregarded. The rate of electron transfer is certainly 
dependent on the concentration of this complex ion which varies with 
the hydrogen ion activity of the solution. It would not seem im- 
probable that with Mn+++ also, the first step is the formation of 
[Mn(H, 0 )B( 0 H)]++. 

Dr. J. Weiss {Newcastle) said : I do not think that the experiments of 
Dr. George have any bearing aa the mechanism of the hydrogen peroxide 
reaction. It is quite dear from his paper that the experiments were 
carried out in a heterogenous system — solid KOa in HaOa solutions. In 
some cases the conditions were quite complex whm iron salts were added 
which were partly precipitated in the alkaline envuonment of the KOi 
particles. It is ^own from the classical work of Noy«s and Whitney 
and of Nemst and his school that in a heterogenous system of this type, 
when the (true) chemical reaction at the iutraface is a test process, that 
diffusion processes are tiie time-determining factors. Therefore, the 
espeiiments of George do not allow any conduaions to be drawn with 
regard to the specific rate of the int^nction between HtOa and HOg or 
Ob", just as no one could daim to measure the true velodty of neutral- 
isation by determining the rate of ruction between e.g. solid MgO and 
HQ : in both cases one measures only some rates of diffusion. 

I should like to add that the scheme of reactions which I put forward 

*® Morris, J. Amer. Chem. Soc., 1946, 68, 1692. 

®® Baxe n dal e , Evans and Park, Trans. Faraday Soc„ 1946, 43, 155. 

®® Babinowitch and Stockmayer, J. Amer. Chem. Soc., 19^2, 64, 335. 

^Sev. Mod. Physics, 1942. 14, ri2. 
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in 1935 which, in addition to the hydrogen peroxide reactions, consists 
of the following processes : 

O, + OH- = or + HO, 

O, + HO, = 2O, + OH + 33 kcal. 

O, + OH = O, + HO, + 34 kcal, 

HO, + OH = O, + H ,0 + 70 kcal. 


was taken over fuUy by Taube and Bray (loc. cit.) into their paper pub- 
lished in 1940. so that Bray had in fact withdrawn the objections which 
he had raised in his earlier paper in 1938. 

I £dso had shown previously that the interaction between ozone and 

hydrogen peroxide leads to a consumption ratio ^ i. only for 


low ratios of the concentrationa 
A( 0 ,) 


(O.) 


A(H, 0 ,) 

while for higher values of this 


ratio one duds 


(H.O,)’ 

> I, values up to 20 having been observed. 


A(H, 0 ,) 

Dr. Philip George {Leeds) {communicated) : At the Sept, meeting of 
the American Chemical Society, Dr. J. Kleinberg report^ experiments 
on the oxidation of sodium in liquid ammonia at — 77'^ c. in which he 
showed by gasometric methods that sodium superoxide is the first oxida- 
tion product This explains the early observation of Joanius •“ who ob- 
tained a product corresponding to NajO, by oxidation of sodium in liquid 
ammonia at — 50° c The solid oxide obtained by Kleinberg after 
evaporation of ibe ammonia contained roughly 50 % of NaO,. This 
may be compared with the 10 % which I have foimd in commercial 
samples of “ sodium peroxide ” prepared by burning sodium in oxygen. 

Dr. J: N. Agar and Dr. F. S. Daintoii {Cambridge) {communicated) : 
In the photochemical decomposition of aqueous solutions of hydrogen 
peroxide, there can be little doubt that the hydroxyl radicals produced 
in the primary act react according to OH + H, 0 , -*■ HO, + HiO, thus 
fulfilling their usual function of H-atom abstraction. There are good 
reasons ** for regarding this reaction as very efficient, taking place at almost 
every collision. The second step in the propagation of tlm reaction chain 
can only be 

HO, (or 0 ,-) + H, 0 , H ,0 (or 0 H-) + O, + OH. 


Sector experiments*'' and quantum-yield measmements indicate that 
the collision yield for this reaction is very low, and we may tentatively 
assign an energy of activation 10 kcaL In this connection, it is worth 
noting that Le^ and von Elbe ** consider that the energy of activation 
is 14 kcal. for the reaction 


HO, -I- H, 0 , H ,0 + O, -f OH 

in the gas phase. 

Taylor and Anderson *' have found that alkali inhibits the photolysis 
of aqueous H, 0 „ and we are led to conclude that this reaction becomes 
less probable in alkaline media, i.e. with increasing dissociation of 
HO, -+ H+ -1- O” and H, 0 , -► H+ -}- HOi", Indeed, in strongly alkaline 
solutions of HO, and H, 0 „ the concentration of undissociated molecules 
must be negligibly small compared with and HO7 (taking Kho, = lo”’ 
and Kh,o, = 10-**), and, since no feasible oxygen-producing reaction 


•* Weiss, Trans. Faraday Soc., 1935, 31, 668. 
u joaimis, Compt. rend., 1893, 116, 1370. 

” Oldeobeig, J. Chetn. Physics, 1936, 4, 642, 74r. 

Allinand and Stylo, J. Chem. Soc. 1930, 5^, 606. 

“ Lewis and v. Elbe, J. Chem, Physics, 1942, 10, 366. 

** Taylor and Anderson, J. Amer. Chem. Soc., 1933, 4j$i xaro. 
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can be formulated between and HOif, it appears that under such, 
conditions the radicals are destroyed by other means, e.g., 

207 + H ,0 O, + HOT + OH- 

possibly according to equations (id-/) given by George. 

Owing to the rapidity with which the reaction between KO, and 
aqueous solutions tahes place, the concentrations of OH- and HOJ in 
the immediate vidnity of the solid particles of KO, must reach very high 
values ; OH- and HOY originate, of course, from the K ,0 and K, 0 , 
content of the solid, as well as from the decomposition of KO, by water. 
It is very probable that these concentrations are so high that the addition 
of add, alkali or hydrogen peroxide to the bulk of the solution, in amounts 
such as those shown in Table II, has little efiect on the conations cbse 
to the solid surface. 

The high alkalinity at the interi^use will tend to inhibit the reaction 
between peroxide and O7, and it m therefore reasonable to expect that 
the majority of the HOY will escape by diffusion into the bulk of 
the solution. On the other hand, it is unlikdy that the OY ions will 
succeed in so doing, as the conditions are favourable for them mutually 
to destroy one another in, or near, the interface. It is thus improbable 
that the chain decomposition of H, 0 , will be initiated to any appredable 
extent in the less alhaline parts of the solution distant from the KO, 
portide. 

It seems to us, therefcne, that the condusion from Dr. George’s experi- 
ments is not that " under these experimental conditions the c^n- 
propagation reaction proposed by I^ber and Weiss . . . does not 
occur", but that under the experimental conditions the niunber of 
OY : H, 0 , encounters is negligibly small and the HO, or Oy radicals 
are otherwise destroyed. We see no valid reason in these experiments 
for abandoning the Haber-Weiss reaction 

OY + H, 0 , -► OH- + O, -h OH 

as the oxygen-produdng process in the decomposition catalysed by Fe'*~>', 
Fe+++ or catalase, or photochemically. 

Dr. Philip George {Leeds) {communicaied) : As Dainton and Agar 
point out, there is little doubt that ruction (i) 

HO + H, 0 ,-i- H ,0 + HO, . . . (I) 

is very efficient, and so in those reactions of hydrogen peroxide in which 
oxygen is evolved, it is important to know wh^er reaction (2) 

O,-(HO 0 + H, 0 , O, + OH-(H, 0 ) + HO . . (2) 

is comparably effident and can only be held in check by powerful chain- 
breaking reactions, or whether it occurs relatively ineffidently so that, 
with oiher appropriate reactants present (ozone, metal ions, etc.), the 
oxygen is evolved by alternative reaction paths. If the H, 0 , formed 
in stiu from the KO, and K, 0 , had been rapidly decomposed by the re- 
maining O,-, this woffid have be^ clear proof that reaction (2) is a powerful 
chain-propagation reaction. The absence of this peroxide decomposition 
is not proof that the reaction does not occur but has signiffcance when 
rdated to other experimental results. With the exception of the photo- 
chemical decomposition where chain-lengths as high as 2000 have been 
observed, the maximum chain-lengths reported in reactions with ferrous 
ions or ozone are very short, about 20 to 30, and the development of a 
chain is extremdy dependent on experimental conditions of mixing and 
concentration ratios. In other reactions, the decomposition catalysed by 
ferric ions and by catalase,** it is very difficult to account for the observed 

** George, Nature, 1947, 4 ^: Biochem. J. (in press). Chance, Acta 

Chem. ScaiMinavica, 1947, further papers in press). 
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kinetics by the chain process. Thus in deciding on a reaction mechanism 
the problem is not whether reaction (2) can occur but whether it carries 
the Tnain burden of the oxygen evolution. The experiments with KO, 
indicate that reaction (2) is not very efficient and so -alternative reactions 
could easily take over the oxygen evolution. 

In the actual reaction of KOa in aqueous solutions, Dainton and Agar 
suggest that the HO|~ ions formed escape by diffusion into the bulk of 
the solution and that this in part accounts for the fact that no reeiction 
is observable between the peroxide formed from KO, and KgOa and any 
xmreacted Oj". The experiments in which KO* reacts with ferric ions» 
ferrous ions and catalase show that the peroxide formed in siiu does react 
extremely rapidly with these ions before diffusion can occur. Furthermore 
whilst the ferric ions and catalase could react with HO|-, it is very difficult 
to imagine any reaction of ferrous ions as such or mo^ed by the tem- 
porarily alkaline environment, reacting with HO,“ and leading to oxygen 
evolution. Experimentally 37*5 % of the peroxide formed in situ is 
decomposed into molecular oxygen. For this reason it is very probable 
that.HgOa itself is formed rapidly in the region of the KOi particle. So 
diffusion effects and the peroxide being present as the anion, do not offer 
satisfactory explanations for the absence of the decomposition of the 
peroxide formed in situ by remaining Os'". 

Further experiments to check this have been carried out by putting 
KO, into 85 % and 96*5 % H,Oa and measuring the O, evolution. The 
results are given in the table. With water alone the KO, sample evolves 


Run Number. 

Solution. 

Mg. KO, Sample. 

Ml. 0, at H.T.p. 

MI. 0, per mg. 
KO, sample. 

32 

85 % H, 0 , 

15-0 


0*093 

33 

85 % HjO, 

96*5 % H, 0 , 

20*0 


0*110 

34 

5*5 


0*091 

35 

96.5 0^ H, 0 , 

12*0 


0*117 


between 0‘o86 and oaog ml. O, -per mg. The shght increase observed 
in runs 33 and 35 is not significant. It is apparently a thermal effect, 
for on adding KOH to these concentrated peroxide solutions an oxygen 
evolution of up to 0*012 ml. O, per mg. KOH can be obtained. It is very 
striking that with this very concentrated hydrogen peroxide no more 
oxygen is evolved than is observed with water alone. In 85 % and 96*5 % 
H, 0 ,, the ratio of peroxide molecules to water molecules is 3 : i and 14-5 : x 
respectively, and there can be no doubt that actual collisions between 
Ob~ in the KO, lattice and HgO, molecules are occurring. Nevertheless 
it is apparent that proton transfer occurs (reaction (3)) rather than electron 
transfer (reaction (4)). 

[O,-.O,-]4-H,O,-.O,-.0,H*-fH0,- . . . (3) 

[O,- . O,-] + H, 0 , O,- -f- O, + OH- + OH* . . (4) 

Whether or not the HO, radical can react more efficiently with HaO* 
than does O,- awaits experimental confirmation. The fact that an HO, 
radical formed in reaction (3) prefers to react with O,- rather than with 
H, 0 , in a second collision is some indication that there is little difference 
in reactivity. Haber and Weiss first chose the HO, radical and subse- 
quently Wedss has favoured O,-. Daiuton and Agar from photochemical 
evidence prefer the HO, radical, although the ffict that the photochemical 
decomposition is inhibited by alkali does not necessarily mean that the 

“ Haber and Weiss, Proc. Roy. Soc. A, 1934, 147, 332. 

- w Weiss, Trans. Faraday Soc., 1935, 31, 1547. 
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ffha.in propagation is less efficient. The photochemical decomposition 
of hydrogen peroxide is in many ways a special case, for her© the chain 
propagation may well involve excited HO, or O,- radicals. 

Dainton and Agar clearly agree i2iat reaction {2) does not occur in 
the reaction of KO, with water and aqueous solutions of ferric ions, ferrous 
ions and catalase for they suggest that few O,- H,0, collisions are re- 
sponsible. This point has been answered above. The abandonment of 
reaction (2) in the homogeneous ructions of H,0, and Fe*+ and Fe*+ 
was not proposed, merely that an alternative “ rapid reaction evolving 
oxygen must be taken into account especially if there is no kinetic evidence 
for a chain mechanism as in the ferric ion-catalysed decomposition". 
Catal^ decomposes hydrogen peroxide in homogeneous solution at a 
rate comparable to the decomposition rate of the peroxide formed in 
situ from KO, and K,0, : the conclusion that reaction (2} is not responsible 
for the oxygen evolution in homogeneous solution seems complet^y 
justffied. T^ kinetics support this conclusion.^ 

In their paper on the reaction between hydrogen peroxide and ozone 
Taube and Bray ** state, *' HO" reacts with ozone, hydrogen peroxide and 
the inhibitors (including nitrate ion, sulphate ion and prol^bly perchlorate 
ion). Of these substances ozone is the only one that must 1 m assumed 
to react appreciably with HO,." In their proposed reaction mechanism 
they did wt use the reaction between 0,“ or HO, and H,0,, for their 

TnaifiTrmm consumption ratios were unity. Weiss states that at 

[ 0,1 

higher concentration ratios consumption ratios up to 20 have been 

observed. The reaction (2) may well occur in these cases but it emphasises 
the view originally put forward by Haber and Weiss • that the transition 
from consecutive r^cal reactions to chain reactions may need only a 
slight change in the balance of competing reactions. The short cham- 
lengths here emphasise the conclusion that reaction (2) is not a powerful 
chain-propagation reaction. 

Dr.* A. Bemanose, Mile. Tli4rise Bremer and Dr. P. Goldfinger 
{Bnissells and Nancy) {communicated) : It is well known that Haber and 
his school were the firrt to introduce s3rstematically the concept of free 
radicals such as SOaH, OH, 0,H, RCHOH, etc., in the kinetics of reactions 
in solutions. In the course of that work it was shown, more than 15 
years ago,‘* that an inhibitor of a free-radical reaction must itself pass 
into a free radical with a certain stability, as has been explained so clearly 
by I^f. Melville in his general introduc^on.*® We have used the same 
idea again in a recent research in which we have shown that phthalic 
hydrazide and 3-amino-phthalic-hydrazide (Luminol) are inhibitors of the 
hydroperoxide decomposition ; the well-known cheiniluminescence, which 
accompanies the reactions of these substances is, without doubt, con- 
nected with the inhibition process. By these experiments, as well as by 
a set of " reduction-activation " " experiments we have confirmed the 
suggestion of Weiss ” according to whom chemiluminescence is frequently 
connected with free-radical reactions. 

It may be usdful to call attention to the ffict, that according to this 
hypothesis the quantum yield per mole of added oxidising agent, which 
have been hitherto calculated, especially for H,©^®* should be considerably 

Taube and Bray, J. Amer. Chew, Soc., 1940. 3357- 

**Goldfinger and G^iaf v. Schweimtz, Z. physik. Chem.B, 1933,33, 241, 248. 

*• This Discussion, p. i. 

Butt. Soc. Chhn. JBelg. (in press). ' 

w Bacon, Trans. Faraday Soc., 1946, 43, 140 ; Baxendale, Evans and Park, 
ibid., 43, 155 ; Morgan, 43, 169. 

•« Weiss, ibid., 1939, 35, 219. . 

*• Harris and Parker, J. Amer. Chem. Soc., 1935, 57, 1939" 



222 PHOTOLYSIS AND PHOTO-OXIDATION OF IODIDES 

too low. We axe prepaxis^ new measurements, and hope to be able, 
by using the iact that the human 03^6 is sensitive already to a few quanta *0 
to determine stationary radical concentrations, whicJi are considerably 
lower than those measured hitherto. This co^d be an approach to a 
typo of measurements which Prof. Mdville*^ has justly pointed out as 
l^ing of primary importance. 

Prof. M. G. Evans and Dr. J. H. Baxendale {Leeds) {communicated) : We 
are very interested in the communication by Bemanose, Bremer and Gold- 
finger. We, too, have used the reaction between OH radicals and Luminol as 
a method of detecting the presence of OH radicals in a number of electron- 
transfer reactions, such as the reaction between hydrogen peroxide and 
ferrous ions and between cobaltic ions and hydroxyl ions. Unfor- 
tunately the method is limited in its scope because Luminol, reacting 
only in its ionised form, can only be used for reactions in alkaline solutions, 
whereas a number of reactions in which we are interested take place in 
their simplest form in acid solution. 

*0 E.g. Stiles, Proc. Physic. Soc., 1944, 56, 339. 

^ This Discussion, p. i. 


B.— HYDROCARBONS IN SOLUTION. 

THE PHOTOLYSIS AND PHOTO-OXIDATION OF 
ORGANIC IODIDES IN THE LIQUID STATE. 

By E. Olaerts and J. C. Jungers. 

Received 11th August, 1947. 

Organic iodides undergo, under the influence of ultra-violet light, a 
decomposition which is inte^reted as the splitting of the molecule into 
an iodine atom and a radical. This method thus constitutes an easy means 
of producing various radicals and studying their chemical behaviour under 
comparable conditions. Several iodides have already been studied and 
values for the quantum yield of some of them have been reported. The 
results for the photolysis pf iodides in different states (gaseous, liquid, 
dissolved) and by light of various wavelengths are not direcliy com- 
parable and disagreement exists even for reactions studied under apparently 
similar conditions. This study refers to the photolysis of sever^ iodides 
by light of 3150-3000 A. in ^e liquid state at normal temperature in 
absence and presence of oxygen. 

Espeiimental. 

Preliminary. — Various experinients were carried out with a view to deter- 
mining the appropriate operating conditions. In Fyrex vessels, tran^arent to 
light down to a wave-length of 3000 a., the rate of photolysis gradually decreases 
as the reaction proceeds. This effect has already been reported by Emschwiller ^ 
and ascribed to the iodine liberated which acts as an inner filter. When the li^t 
is filtered through a nickel chloride solution (3150-3000 a.) the amount of iodine 
produced varies linearly with the time. The straight line so obtained for iodides 
not freed from air, does not, however, pass throng the origin; the effect is ascribed 
to the presence of dissolv^ oxygen. Oxygen has a marked positive effect on 
the rate of reaction ; its presence conld not be entirely eliminated by flndiing 
with an inert gas, by pumping off part of the liquid or by distilling it in vacuo ; 
the method adopted by Norhm * of boiling the iodide in a strean of oxygen-free 
nitrogen proved satisfactory. 

1 EmschwOler, Ann. Chim., 1932, 17, 413. 

* * Norton, J. Amer. Chem. Soc., 1934, S^i 2294. 
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I. Photolysis of Oxygen -free Iodides. 

Experimental. — The reactions reported m this section, were carried ont 
in conditions similar to those chosen by Norton * The reaction cell was a cylin- 
drical (quartz vessel (length, 2*6 cm. ; diam , 1*7 cm.) with plane windows and 
an adnussion tubing which could be sealed off. The filter used to select the 3150 
and 3000 A. lines of the mercury spectrum was a layer (i cm.) of an auramine 
solution (125 mg,/l.). Absorotion measurements showed that a layer of a few 
mm. of liquid iodide are sumaent to absorb entirely the light transmitted by 
the filter. The sources of light used in these experiments were 73 w.-" Philora ” 
lamps constituted by a small mercury arc, enclosed m a bulb of Uviol glass, 
operating at high temperature and on 220 v. a . c . The light admitted to the 
cell was determined by an uranyl oxalate actinometer (quantum yield 0-57 for 
3150 A.).* 

The light received by the cell from one arc was found, in four different ex- 
periments, to be 4*3, 4'5, 4-3 and 4*45 X lo-* einstem/hr. ; the second lamp gave 
2*04, 2*18, 2*15 X to-' einstein/hr. The mtensity of the lamps was checked from 
time to time and was found to remain fairly constant. The iodine hberated by 
the decomposition of the iodides was determined by addmg a given amount of a 
NasSjOg scuution (K./200) and titrating the excess with an iodme solution (N./200). 


Results. 


The values found for the quantum yields of various iodides are presented in 
Table I. 


TABLE I. 


Expt. 

Tuns of 
Ittadiation. 

G.-atom Iodme 
Fiodnoed x 10 *. 

Ultll.fKItl 

Absorbed X to*. 

1 Quantnm YielcL 



I. C,H,I 



6 

6 

8-13 

[ 26-34 1 

0-309 

7 

16 

21-^ 

70-2 I 

0-305 

13 

6 

9-02 

II. C,H,I 

26-34 

0-340 

av. 0-32 

17 

6-5 

2-92 ! 

13-8 

0-2X 

16 

9 

8-75 

j 

III. C<H,I 

39'5 

1 

0-22 

av. 0-21 

14 

7 

2-85 

30-75 

0-093 

15 

iI ’65 

6 

IV. C,HaI 


0-II7 
av. 0-100 

8 

13 

4*22 

57 

0-074 

9 

18-66 

4*7 

82 

0-058 

ro 

295 

8-15 

V. iso-Ct'a, 

129-4 

I 

0-063 
av. /V 0*065 

22 

4 

7*3 

8-49 

0-86 

23 

4 

6 

8-49 

0-71 

25 

8 

12-75 

VI. C,H,I 

i 6-95 

0-75 
av, 0-77 

XI 

20-6 

3-28 

90 

0-036 

X 2 

21-5 

2*92 

94-5 

0-031 
av. /w 0*033 


Forbes and Heidt, J. Amer. Chsm. Soe., I934i l^t 2363. 
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The normal alkyl iodides show a regular decrease in quantum yield 'with n-norogo^T^ g 
length of the carbon chain ; the value for tsopropyl iodide is markedly hi ghnp 
than for the corresponding normal iodide ; the value for phenyl iodide is slii^tly 
lower than might bo expected from its molecular weight and thin is probably 
related to the different nature of its bonds. 

The jphotolysm of amyl iodide has been further studied by Lon'tLe * who, by 
dete nn i n i n g the iodine produced with a photometer, could follow the reaction 
con'tinuoudy from the stert. This does not, however, consti'tu'te an independent 
check as the light intensity was still measured by the uranyl-oxala'te actinometer. 
The icsul'ts of Lontie ag^ree with 'those presented in 'this paper and confirm that 
the 'variations observed in the yield are due mainly to 'the incomplete removal of 
oxygen and alight variations m 'temperature ; this reaction, contrary -to what 
Norton observed for e'thyl iodide, and in accord 'with the results of other authors, 
gives a definite 'temperature coefficient under 'these condi'tions. 

T^e quan'tum yields were measured mainly with a 'view to determining the 
rela'tive rates of reaction of 'the different iodides. The result obtained for ethyl 
iodide is, however, in su^iisingly good agreement with the 'value determined 
by Norton (0*315) under similar conations. These resul'ts are on the o-ther hand 
markedly louver than the ones reported by Iredale “ (1 and 1*2 for 3650 and 3000 a. 
reap.) and by Emsch'willer (i for 3650 a.). The presmice of oxygen is insi&cient 
to account for the high yields as they are even higher 'than those obtained in this 
research for iodide satura'bed with oxygen under atmospheric pressure. 

The 'value of 2-5 found by EmachwiHer for -the quantum yield of butyl iodide 
at 90° c. and -the higher -value for ethyl iodide indicated by extrapola'tion from 
-values at lowor temperatures would point to a chain mechanism ; the best e-vidence 
a-vailable is not, ho^ve've^, in agreement with -this suggestion. 

II. Photolysis of the Iodides Saturated with Oxygen. 

Experimental. — ^As -the oxygen is used up during the decomposition of -the 
iodide, precautions must be -taken to keep -the liquid saturated. The reaction 
cells used for this purpose -were made of Pj’rex tubing (22 cm. length ; o-g cm. 
diam.) sealed to a vessel (15 cm. length ; 5 cm. diam.) which serves as oxygen 

TABLE II. 


Run. 

Iodide. 

Prassan of 
Oxygen In cm. 

G.-etom Iodine 
Produced x lo*. 

Bimtein 
^Abaoitedx io«. 

Quantum 

Yield. 


A. Influence of oxygen pressure. 


I 

C^H,! 

X 

xS-g 

59 

0*32 

I 

— 

25 

2I'8 

59 

0-37 

2 

— 

25 

14-85 

38-3 

0*38 

I 

— 

50 

*3-45 

59 

c*4 

I 

— 

75 

20 

59 

0*44 

2 

— 

75 

10*55 

38-3 

0*43 

3 

C,H,I 

5 

14*3 

46 

0*31 

3 

— 

15 

14-7 

46 1 

0*32 

3 

— 

35 

15-3 

46 ! 

' 0*33 

3 

— 

70 

i6*9 

46 1 

0-37 


B. Nature of the iodide. 


5 

C,H.I 

65 

23 

43-0 

0-53 

9 

C,H,I 

05 

16*7 

35 

0*48 

I 


65 

extrapolated 

0*42 

9 


65 

13-4 

35 

0*38 

8 

C,H.I 

65 

15 

43-6 

0*34 


reservoir ; the cell -was surrounded by a Pyrex jacket (2’i cm. -wide) and the 
annular space filled -with a filter solution (200 mg. KfirO^jl.). Four cells of 
this kind were mounted on a support and were tilted every minute so -that the 
liquid could spread in the reservoir and remain saturated -with oxygen. A fifth 
cefll filled with uranyl-nxalate solution ser\'ed as a test of the intensity of the 

* Unpublished da-ta. • IiedaXe, /. Physic. Ckstn., igag, 33, -ago. 
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absorbed light. Tb« light source in these experiments was a Heraeus mercury 
arc operated on 80 v. d.c. and 3-5 amp. Errors due to reflection or incomplete 
absorption might be expected to be important in set-up, but measurements 
on oxygen-free ethyl and butyl iodide gave quantum yields in fair agreement 
with those determined in the quartz cell. 

Results. — The quantum yields for the photolysis of various iodides under 
given oxygen pressures are presented in Table II. The results (A) show quite 
clearly that the fields remain markedly higher than for the pure iodides (3 
times for butyl and g times for jphenyl iodide) down to very low oxygen pressures. 
This agrees with the observation made several times on the influence of even 
small traces of oxygen. 

In (B) the quantum y^ds are given for various iodides under the same oxj'gen 
pressure. They show a diSerence with the nature of the iodide, which is deflnitely 
smaller than for the oxygen-free substances. 

Discussion. 

The small ^delds observed for the iodides as compared to that of 
hydrogen iodide, are accounted for by the recombination of the radical 
with '^e iodine resulting from the primary process : 

RCH,I +hv = RCH, -j- I . . . . (I) 

RCH, -f I = RCH,I . . . . (2) 

RCH, + I. = RCH,I -HI. ... (2') 

Radicals from other sources have indeed been sho\m to yield the cor- 
responding iodide mth iodine." The reaction of the radical with molecular 
iodine seems to play no important role in the liquid-phase photol3^ as 
shown by the independence of the yield of iodine produced in the reaction. 

The alkyl radicals escaping recombination would react with an iodide 
molecule to give a parafihn and a radical which would eventually decompose 
into an olefin and iodine : 

RCH, -H RCH,I = RCH, + RCHI . . . (3) 

RCHI = RCH -HI (4) 

The iodine atoms associate in a triple collision to molecular iodine : 

I-HI + (M) = I.-H(M) (5) 

The association of two radicals is considered highly improbable as re- 
action (2) keeps the radical concentration low and the steric factor’ is 
only 10-" to io~®. This conclusion is supported by the results of the 
chemical analysis which reveals only insign^cant traces of the resulting 
hydrocarbon, (RCH,),. 

The breaking-up of heavier radicals is only slightly probable as the 
paraffin and the corresponding olefin are gener^y formed in equal quan- 
tities; for complex radicals, e.g. ^W.-hutyl, such a mechanism might, 
however, play an important role.^ 

According to this scheme the quantum yield would be governed by an 
expression of the kind : 

2 ^,[RCHJ] 

^ *.[ 1 ] + M:RCH,ir 

If one substitutes for the atomic iodine concentration, it appears that 
the quantum yield should rise with the concentration of the iodide, the 
total pressure and the temperature and HirfliniBh with increasing light 
intensity. 

For pure iodides in the phase the yields are known to be very 
s m al l . This can qualitatively 1 ^ accounted for since reaction (2) j)ro- 
ceeds without activation energy and with a steric factor close to unity, 
while reaction (3), A-ss^ming an activation energy of 10 kcal., would be 
efficient only once in 10’, or even less, according to the value of the steric 
ffictor. The balance between reaction (2) and (3), and thus the quantum 
yield can, however, be modified in different manners. 

• Gorin, /. Chetn. Physics, 1939, 7# 286. 

’ Bawn, 2 rows. Faraday Soc„ 1935. 3 it 1542. 


H 
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By adding a high concentration of a chemically inert gas (CO,, or A) 
the recombination of iodine atoms is favoured ; the corresponding radicals 
are thus compelled to react according to (3). West and Schlessmger have 
increased the reaction rate of ethyl iodide very markedly in this way.® 

The reaction can also be favoured by combining the iodine with mercury 
or silver. The radical concentration can be raised so that reaction (3) 
IS strongly favoured and even the association of radicals becomes eltective ; 
methyl iodide gives considerable quantities of ethane, appafently due to 
the combination of methyl radicals, while for ethyl iodide the composition 
of the products is not markedly modified ; no butane, characteristic of 
ethyl radical combination, is reported.® This difierence in beha\Tiour 
is of great significance and points to a difierence in strength of the C — 
bond in the iodides. If the reaction CH, + CH,I is difficult, the association 
of radicals to ethane wiU be favoured. 

By elimination of radicals the reaction can also be favoured. If 
hydrogen iodide is added to gaseous methyl iodide, the quantum yield, 
norm^y very low ('^0*02), is raised to about unity with 5 “/^, and to 
2 with 40 “A or more HI added.® Methyl radicals can then react according 
to : 

CH, + HI = CH* + I. 

In the presence of hydrogen iodide, liquid ethyl iodide decomposes into 
ethane. 

Oxygen also is very efficient in removing radicals. The value of 2, 
first reported for the quantum yield of the photo-oxidation of methyl 
iodide,^® has been corrected to i and the mechanism proposed to account 
for it is : 

RCH, + O, = RCH.O (6) 

RCH, 0 , -1- RCH, = RCH,OH + RCHO . . (7) 

where R H. This mechanism could be extended to higher iodides as 
the corresponding aldehydes have been identified in the products.^ 

Nitric oxide which inhibits chain reactions has a positive influence 
on the photolysis of methyl iodide which is ascribed to the reaction : 

CH, -h NO = CH,NO. 

In the liquid phase, where the probability of combination of iodine 
atoms is higher and where the relative concentration of iodide to atomic 
iodine is much greater than in the gas phase, the reaction proceeds more 
rapidly. There is, however, a great difierence in behaviour beri^'een the 
various iodides. To account for this, a steric factor can be first considered ; 
such a factor has been invoked to account for the different rate of polymer- 
isation of unsaturated h3rdrocarbons photosensitised by isomeric organic 
iodides.^® In the photolysis, a steric factor would be operative in re- 
action (2) as well as (3). This factor is, however, unable to account for 
all the differences noticed between the different iodides. To start with, 
hydrogen iodide has a quantum yield of 2 ; that of methyl iodide is very 
small in the liquid phase and in solution, as well as in the gas phase ; the 
3deld is higher again for liquid ethyl iodide but diminishes with the mole- 
cular weight for normal iodides; finally, there is a marked difference 
between isomeric iodides. This suggests that the reactivity of the 
hyxlpogen in the iodide molecule has to be taken into account in reaction (3). 
Such a difference between aromatic, primary, secondary and tertiary 
hydrogen is found towards various reagents. 

* West and Schlessmger, /. Anter. Ckem. Soc., 19381 do, 961. 

* Iredale and Stephan, Trans. Faraday Sos„ 193 27, 468. 

Bates and Spence, J. Amer. Chem, Soc., 1931, 53, 1689. 

Blaedel, Ogg and L^hton, ibid., 1942. 64, 2500. 

Iredale and McCartney, ibid., 1946, 68, 144. 

Jnngers and Yeddanapalli, Trans. Faraday Soc,, 1940, 36, 483. 
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Further the quantum 3rield has been. sho^\Ti to increase with decreasing 
wavelength of tiie hght ; 1* this effect has been obser\'ed for other 

photodecompositions and has been explained by assuming that the energy 
in excess of the bond to be broken appears as recoil energj’’. The lighter 
radicals would be expelled more violently ; they would thus have less 
chance of recombining and might even be more effective in their collision 
with an iodide molecule : both effects favour decomposition. Heavier 
particles would be less energetic and the statistical distribution might not 
be established. 

The oxidation is a very efficient process ; w'hile in the gas phase the 
quantum yield is i, it does not reach this value in liquid iodides. More 
striking is the fact that while small traces of oxygen Imve a very marked 
effect, increasing the pressure several hundred times (and thus the con- 
centration of oxygen in the liquid if Henry’s law holds) modifies the 3deld 
to a relatively small extent. 

According to (i), (2), (3), the quantum yield would be governed by 
an expression of the form ; 

O Y — 2Aa[RCHgI] -f- 2feg[0J 
■ A,[I] -r ft,[RCH,I] -f- 2ft,[OJ- 

If we consider higher iodides or methyl iodide, reaction (3) is negligible 
compared to (2) and (6) and the expression reduces to : 

O Y = . 

+ 2Ae[OJ' 

There is no appropriate test available for this expression. The fact that 
the iodides which show the smallest quantum yield in photolysis are also 
less easily oxidised might lead one to believe that the products do not 
reach statistical distribution and that a fraction of radicals escape oxidation 
in this way. 

The quantum yields in solution are, as expected, higher than in the 
gas phase and of the same order of magnitude as for the liquid iodides. 
This nught be due to the feictors which are operative in the pure liquids, 
in particular, a more active recombination of iodine atoms. 

There are, however, striking differences which are difficult to explain. 
Gibson and Iredale find for different iodides in benzene a quantum 
yield close to unity and for <ffr#.-butyl iodide, particularly a value markedly 
'higher (i'04 for 3130 a.) than the one reported by EmschwiUer for the 
pure liquid (0-25 for 3650 a.). West and Paul report for the photo- 
oxidation of a 1*8 M. ethyl iodide solution in hexane a quantum yield 
of 2, higher than the value for the gas (x) and the pure liquid. These 
and other discrepancies might be account^ for to some extent by the 
characteristics of the light used and the higher oxygen concentrations 
with respect to the iodide. The possibility of a chemical action of the 
solvent should, however, not be overlook^ as it has been shown that 
radicals react mth various hydrocarbons. 

At this sta^, a mechanism should, in view of the analogy of the 
primary process in the photolysis of the iodides, be general enough to 
account, in terms of relative frequency of the secondary reactions, for 
the differences in behaviour of the various iodides. Although the scheme 
put forward agrees qualitatively with the bulk of the experimental results, 
it does not give a satisfactory explanation of all the reported facts. It is 
only with reliable values for’ the quantum yield, and further information 
on the influence of dilution, temperature, intensity and energy of light used, 
that the proposed mechanism could be safely tested. The study of the 
influence of foreign substances might be of great help in recognising the 
factors responsible for the difference in behaviour of the various ioffides. 

and Paul, Trans. Faraday Soc., 1932, a8, 688. 

Gibson and Iredale, ibid., 1936, 33, 571. 
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Summary. 

The quantum yield of the photolysis and the photo-oxidation of several 
liquid iodides by light of 3130-3000 a. have been determined at normal tempera- 
ture. Some of the fetors likely to account for the variation in quantum yield 
for a given iodide and the difEeiences in yield between difierent iodides are pointed 
out. 

Rteum6. 

On a d^termin^ h temperature ordinaire le rendement de quantique pour la 
photol]rse et la photo-oxy^tion de plusieurs iodures liquides par nnft lum&e 
de 3130-3000 A. On discute les facteurs qui penvent rendre compte de la vari- 
aticm dau le rendement pour un iodure donn6 et des differences de rendementr 
entre divers iodures. 


Znsammenfassun^. 


Die Quontenausbeute fOr die Photolyse und Photo-oxydation von mehreren 
fltlssigen Jodiden im Licht von 3130-3000 a. ist bei gewdhnludien Temperaturen 
bestinunt worden. Die Faktoren, ^ wahmcheinlich die Veranderungen der 
Ausbeute bei einem gegebenen Jodid rmd den Unterschied der Ausbeute bei 
verschiedenen Jodiden verursachen, werden besprochen. 


Ldboratonum voor Physische Scheikunde, 
University 0/ Louvain, 

Belgium. 


THE FORMATION AND REACTIONS OF FREE 
RADICALS IN SOLUTION AT LOW TEMPERA- 
TURES. 

By C. E. H. Bawn and F. J. Whitby. 

Received X2ih August, 1947. 

The thermal and photochemical dissociation of the metal alkyls has 
been emplo}^ frequently as a source of free radicals. Most of this vrork 
has been carried out wi^ the lead and mercury alkyls (PbR4, HgR,) in 
the gas phase. These thermal dissociations require a comparatively 
high temperature, occur in several stages, and axe complicated by inter- 
action between radicals and undissociated or partially dissociated metal 
alkyls. In searching for a convenient source of r^cals suitable for 
lower temperature thermal investigations, we furst examined the lithium 
alkyls. The lower members are colourless solids, but lithium propyl and 
bu^l are liquids. Attempts to distil these compounds at their melting 
points (m.p. IiC,Hg sCs 95° c.) resulted in serious decomposition. At 
temperatures below their melting poiats their vapour pressures were re- 
markably low and hardly sufdcient for thermal decomposition studies. 
In solution, however, the alkali alkyl appears to be very stable. Thiw, 
lithium methyl shov^ no decomposition on long i>eriods of heating in 
phenetole at 150® c. Our attention was therefore directed towards the 
unstable silver and copper alkyls. Previous investigations by Gilman 
and his co-workers ^ and by Semerano and Riccoboni • have shown that 

I Gilman and Woods, J. Amer. Chem. Soc., 1943, 65, 435. 

* Semeraxio and Biccoboni, Ber. B, 1941, 74, 1089 ; Semerano and Biccobozd. 
Z, physth. Chem. A, 1941, 189, 203; Semerano', Bicco^ni and Callegari, Ber. B, 

1941. 74. 1 * 97 - 
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solid silver metliyl and ethyl in alcohol suspension decomposed at tem- 
peratures below 0° c. to give hydrocarbons, which they suggested axe 
formed from free radicals liberated in the dissociation. 

In the present work the rate of decomposition of silver methyl m ethyl 
alcohol solution has been measured in the temperature range, — 50“ to 
— 20° c. The products of the decomposition of silver ethyl and copper 
methyl have bron determined and the nature of the free-radical reactions 
elucidated. 


Experimental. 


Silver and copper alkyls were prepared by the reaction of the metal nitrates 
with lead tetromethyl or tetraethyl in alcoholic media. The apparatus employed 
is shown in 1 and the procedure was briefly as follows. 40 cc. of aldehyde-free 



alcohol were carefully freed from air by running into the evacuated vessels A and 
B in 10 cc. amounts, each portion being further degassed by cooling and evacu- 
ation. 4 cc. AgNO, solution (1*2 g./ioo cc. alcohol) were then ad&d, degassed 
and followed by a further 40 cc. sdcohol, added in portions as before. 0*25 cc. 
lead tetram, ethyl in 15 cc. alcohol was degassed in A. The two solutions in A 
and B were cooled to the temperature of the experiment before mixing which 
occurred on opening the tap C. The temperature of the lead tetxamethyl solu- 
tion was ascertained by trial and error so as to give no temperature change on 
mbdng. The rate of decomposition was fbUowed by continuous evacuation of 
the gases by a Toepler pump into a calibrated w-tube, the volume of the gases 
being read at about 5- to 10-min. intervals. The gases were then analyse as 
previously described.* 

In all experiments, unless specially noted, the lead alkyl was in excess (5 
motes per mole silver nitrate) and the conditions were arranged so that all the 
silver alkyl formed was in solution. Estimates of the solnbUity of the silver 
ajOkyl in (Cerent solvents were made by the preparation of opti<^y-clear solu- 
tion and determination of the silver formed on den>mposition. The approximate 
solubilities at — 80" c. are ; Silvxr mxteyi. in (a) emyl alc<^ol, 0*004 g./io cc., 
(b) methyl alcohol, 0*003-0*004 g./io cc., (c) amyl alcohol, 0*006 g./io cc., (d) 
n-bntyl ^thalate and decaUn, insoluble. Silvbk bthyi. : solubility in methyl 
alcohol, o.*03 g./xo cc. 

* Bawn and Milsted, Trans. Faraday Soc., 1939, 35, 889. 
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Results and Discussion. 

Kinetics of Decomposition of Silver Methyl in Ethyl Alcohol 

Solution. 

At temperatures between — 6o“ and o” c. silver methyl in methyl or 
ethyl alcohol solution decomposed quantitatively to give ethane and silver. 
The reactions which take place have been shown to be the following : 

AgCH, -Ag + CH, . . . . (I) 

CH, + CH, -H- C.H, . . . (2) 

Table I gives the material balance at — io“ and — 29° c. in the two alcohols. 

TABLE I. 


Concn. of AgCH, = 2-73 X lO"* moles/ 1 . 


Solvent. 

Tem^ature 

Carbon Balance Per Cent. 

Ag+ 5 1 CH|. 

CHjOH 

— 10 


C^.OH 

-29 

97*1 VCjH, was the only 

C,HbOH 

— 10 



This was determined from the amount of AgNOj used and the quantity of hydro- 
carbon formed according to eqn. (1) and (2). The plot of the volume of ethane 
formed as a function of time at a series of temperatures is showm in Fig. 2. The 
decomposition accurately obeys the first order law, 


ki 


loge 


Fco 

Fco - Yt 


where Fco <= vdlume of ethane formed on complete decomposition and = 
volume of ethane at time U This is shown by the plot of log„ ( Too — F,) against 

t in Fig. 3. This was further con- 
firmed by determination of the 
time of half-change, which tvas in- 
dependent of the initial concentra- 
tion ^able II}. The plot of Iqgu 
h against ijT obeys a straight-line 
relationship (Fig. 4), the ^ope of 
which corresponds to an activation 
energy of 10,500 ± 1,000 caL/mol. 
The scatter of the points was pri- 
marily due to the ^fidculty of at- 
taining constant-temperature con- 
ditions over the initial period of 
decomposition, following the mix- 
ing of the cooled solutions. The 
rate of decomposition over the 
whole temperature range of the 
investigation may be represented 
by the law : 

A = 5-5 . io«e-io,eoo/Ba' sec.-i. 

Some preliminary observations 
with silver ethyl in ethyl alcohol 
at — 40" c. and room tempera- 
ture showed that the decom- 
position products consist of a 
mixture of ethane, ethylene and 
butane- This indicates an initial decomposition into the free ethyl radical 
followed by association and disproportionation reactions : 










A similar reaction scheme has been proposed by Semerano and Riccoboni “ 
for the decomposition of silver ethyl suspended in alcohol and the dis- 
proportionation reaction (4) thus appears to have a verj’’ low activation 
energy, in agreement with our pre^uous measurements in the gas phase.* 
Whilst we regard the 

above results, namely, the TABLE II, 

first-order decomposition 
to give ethane and the dis- 
proportionation reaction 
\vith silver ethyl, as justi- 
fymg the assumption of a 
free-radical mechanism, 
various other reactions 
have been investigated in 
order to support this view, 
but without any striking 
success. Oxygen, water, 
and hydroquinone had no influence on the reaction at temperatures up to 
— 10^ c. and it appears that methyl radicals are unreactive towards these 
substances at low temperatures. The addition of an excess of an alcoholic 
solution of iodine to the silver methyl solution at — 30® c., that is, under 


lemp. *C. 

Conm. of Silvsr 
MLthyl (mol./l.) 

Time of H I'f 
Chan..e 
(min.) 

-350 

0-00272 

75-5 

- 34*8 

0-00204 

79-0 

-42-3 

0-00272 

123-0 

-42-1 

0-00204 

127-0 



Fio. 4. 


conditions when the decomposition is proceeding fairly rapidly, reduced 
the yield of ethane to between 5 and iz %. This small amount of ethane 
was most certainly that formed by normal decomposition before the iodine 
was added. The gas-phase reaction of methyl radicals with iodine molecules 

* Bawn and Tipper, this Discussion. 
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is known to require little or no activation energy and so it is possible that 
the methyl radicals formed are removed by the reaction ® 

CH, + I, -► CH,I + I (6) 

The alternative possibility is that the iodine destro3^ the silver methyl 
according to 

AgCH, + 1 , ->AgI + CH,I. . . . (7) 

No definite decision can be reached between these mechanisms but it is 
quite probable that (7) requires an activation energy and does not occur 
at — 30“ c. 

It was also considered possible that the methyl radicals might react 
with stable radicals of the Gomberg t3rpe, since such association reactions 
would require little activation. The difficulty, however, was to find a 
radical which was not associated at — 30° c. Hexaphenyl ethane, as 
anticipated, was too poorly dissociated and had no efEect on the reaction. 
aa-diphenyl-/ 3 -trinitrophenyl hydrazyl, which exists as a free radical in 
solution, reduced the ethane yield by 5 % at 20“ c. and at a concentration 
where a 20 % reduction was expected ii all the radical added underwent 
reaction. A change of colour of the radical was noticed during the 
reaction. The results, however, are inconclusive. 

The Mechanism of Decomposition. 

Few data are available on the properties of the silver and copper alkyls 
in solution, but general considerations would indicate that the carbon- 
metal bond is largely ionic in character. The corresponding alkali alkyls 
show strong polar properties. They ionise in zinc diethyl, are very non- 
volatile and are poorly soluble in organic solvents.® Dipole moment 



measurements on lithium butyl in benzene show that the Li — C bond is 
about 45 % ionic.’ Organo-^ver and -copper compounds are insoluble, 
or only slightly soluble, in organic solvents and this suggests a polar 
structure. 

It is reasonable to assume that the structure of silver methyl is pre- 
dominantly Ag+CHs~. The dissociation may be represented in terms of 
potential energy diagrams in the following manner. Fig. 5, curve i, 

® Steade, Atomic and Free Radical Reactions, p. 477. 

*Hein and Schramm, Z. physih. Ckem. A, 1930, 151, 234; Hein, Petzchner, 
Wagler and Segitz, Z. anorg. Cficm., 1924, 141, 161. 

’ Rogers and Young, /. Amor. Chom, Soc., 1946. 68, 274S. 
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shows (qualitatively) the dissociation into ions. The final products ex- 
perimentally are free methyl and silver, and thus the fina.1 energy state 
will lie lower t h a n the state of dissociation into ions by the energy difler- 
ence AH = /i* — -Eohi> where is the electron afl&nity of the methyl 
radical and is tJie ionisation potential of silver. -Eohs ~ kcal.® 
Iab = 175 kcal. Therefore AH = 155 kcal./mol. Curs’e H shows the 
potential energy for the homopolar interaction between Ag and CH,. 
It is not certain whether or not the curve actually has a minimum cor- 
responding to a stable homopolar state, but the main pomt is that inter- 
action is slight. The relative positions of the curves is uncertain and may 
be modified by solvation effects. In the separated condition the radicals 
are more stable than the ions, but when combined the ionic state is more 
stable than the homopolar form. The potential energj’’ curves must there- 
fore “ cross,” as shown in Fig. 5. There is no actual crossing, as the 
curves separate, as indicated by the dotted hues, giving two potential 
energy surfaces. The lower one represents the actual path of the reaction 
to give radicals. The activation energy is given by the height of the 
crossing point E and the rate is given by this value and the frequency 
fiictor A. In a normal first-order reaction A is equal to about and 
the low experimental value of 5-5 x 10® indicates a very high restriction 
at the crossing point. This would be so if there were a small interaction, 
and thus little separation of the curves at the crossing point. 

Formation and Decomposition of Copper Methyl. 

I, Reaction in Ethyl Alcohol. — The reaction between cnpric ion and lead 
tetramethyl in ethyl alcohol follows a markedly difierent course from that of 
the silver-ion reaction. Wliercas in the latter case ethane was the sole gaseous 
reaction product, with cupric ion the gases formed contain large amounts of 
methane m addition to ethane. The material balance, based on the CH^ -|- CsH, 
formed, showed that the equivalent of two methyl groups was formed for each 

TABLE III. 


Reaction between Cu++ and PbCCHj), in Ethyl Alcohol. 


T«imp. 

"C. 


Initial Cu-^ 

CHt 

C|H| 

ISSI 

Carbon Balance, 

Experlmontal Conditions. 

coocn. 

cc. 

CC. 

m 


g. mol./l. 

HsT.P. 

H.T.P. 

(Cu-H-aaCHs). 

1 6*0 

Cu(K03), . 3H,0 ; 

2-55 X io-» 

5-38 

2-48* 

o-.j6 

871 

14-5 

4-8% aq. CgHgOH 
Cu(NO,), . 3H,0 ; 

2-55 X lo"* 

5-8 i 

3*37 

0-58 

105-5 

20 % aq. C,H,OH 






r6*o 

Cu(N6,)g . 3H,0 ; 

2-35X10-* 

478 

2-56 

0-53 

83*3 


distilled C|H,OH 






I5'0 

Cn(NO,), . 3H,0 : 

2-55 X10-* 

5'-54 

3*14 

0-57 

92-9 


distilled CgHgOH 






8-2 

Cu(NO,), . 3H,0 ; 

2-55 X IO-* 

6-34 

2-96 

0-47 

103-0 


verv dry alcohol 






1 8-0 

Cn(Nb,)a (anhyd.) ; 
^’ery dry alcohol 

1-03 X 10-* 

a-45 

I-I5 

0-47 

gq-o 








Cn++ ion consumed in ethyl alcohol solution. The ratio of ethane/methane 
by volume was 0*5, that is, two molecules of methane to one of ethane are formed. 
The results are summarised in Table III. In each experiment the lead tetra- 
methyl was present in large excess. 

The variation of the material 3r^d from zoo % in the above and subsequent 
results is due essentially to the fact that the yield is calculated on the con- 
centration of cupric ion used initially and weighed as Cn(NOg)a . sHgO. We 
have evidence tdiat Cu{NOg)| . sHgO, dried in a desiccator, loses moisture, and 

* Baugfaan, Evans and Polanyi, Trans. Faraday Sac., 1941, 37, 377- 

H* 
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it was difficult to ensure that the exact degree of hydration was three. It is seen 
from theso results that water had no material ehect on the yield or the ratio 
C,H,/CH4. 

Detailed investigation showed that the reaction occurs m two well-defined 
and independent stages, the first of which produces ethane and the second, 
methane. The analysis of the results shows that these reactions are : 

Stack I. Cu++ + Pb(CH,)4-». Cu+ + Pb(CHj),+ -f- CH, . (8) 

CH, C,H, (9) 

Stack 2. Cu+ + Pb(CH,)4-». CuCH, -f- Pb(CH,),+ . . (10) 

CuCHg -1- solvent ->■ CH4 . . . . (ii) 

The justification for this subdivision is found in the following observations, 
(a) When the reaction (using an excess of lead tetramethyl) was carried out at 
—45° c., the gaseous product was ethane and a primrose precipitate of copper 
mel^yl was deposited. On wanning the solution to room t^perature, metlmne 
Avas evolved with the formation of a brownish precipitate. The residts of the 
two-stage reaction are summarised in Table IV. 

TABLE IV. — Cu++ Ion-Lkad Tktkamkthyl Reaction in Ethyl Alcohol. 


Tomperatoro ”c. 

Conca . ot 
Cu(N 0 ,),. 3 H ,0 
(g. mol./i.) 

CH 4 

C»Hi 

Ratio 

Carbon Balance. 

Stage I. 

Stage 2. 

M.T.F. 

CC. M.T.P. 

C,H,/CH4. 

(Cn+^^aCH.). 

-40 


2-55 . I 0 -» 

0-0 

I-9I2| 

0 - 4 & 

1 10*0 


-1-20 


6-83 

1-237/ 



-33 


2*55 • 10"* 

0*32 

3-04'! 

0*50 

II 0'6 


4-20 


6-23 

0>26j 



- 3-0 


|QB| 

4*o8 

3 - 0 1'l 

0-59 

lOO'S 




1*42 

0-24/ 




(6) If a large excess of Cu+'*' ion were employed, then this would be expected, 
on the above mechanism, to remove rapidly aU the lead tetramethyl by reaction 
(8), and thus the reaction of the cuprous ion according to (lo) would be inhibited. 
This was the result observed with a threefold excess of cupric ion ([Cu++] = 
1*28 X io~* mol./l.). The gas evolved consisted of 96-7 % ethane and 3*3 % 
TTiftthn-Tie by volume. Ko copper methyl was precipitated and the solution 
retained the characteristic colour of the Cu**"** ion. 

(c) A further confirmation of the proposed mechanism was provided by the 
observed production of cuprous ion (indicated by an acetone solution of p- 
dimethylaminobenzal rhodanine) when excess Cu++ was used and reaction (10) 
inhibited. 

II. Reaction in Methyl Alcohol. — ^In methyl alcohol more hydrocarbon was 
formed per Cu++ consmned than in ethyl alcohol. The carbon balance ^owed 
that the equivalent of three methyl groups were liberated for each Cn+t ion used ' 
up and the volume ratio of the ^ases was now 4CH4/1C1H,. The reaction, as 
in ethyl alcohol, was separable mto two stages. At — 43° c. copper me'&yl 
was predpitated and ethane only was evol'^^. On warming to room tem- 
perature methane was liberated. The diffierenoe in bdiaviour in the two solvents 
is revealed by tiie amount of methane produced in the second stage of the 
reaction. The results are summarised in Table V. 

Discussion. 

The decomposition and reactions of copper methyl differ in many 
respects from the corresponding reactions of silver methyl. It is clear 
that the decomposition reaction is not simply the formation of methyl 
radicals and metallic copper, for ethane would then have been the gaseous 
product. Neither can it be assumed that the methyl radicals react with 
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the solvent at room temperature to produce methane, because this reaction 
does not occur when silver methyl is decomposed at room temperature. 
The formation of met han e, namely two molecules in ethyl alcohol and 
four in methyl alcohol for each ethane molecule (or according to eqn. (10) 
for every two copper methyl molecules formed), maybe best explained by 
assuming direct reaction of CuCH, %vith the solvent. For example : 

CuCHb + CjHgOM — »■ Cu -(- t CiH.O . . (12) 

C,H.O + C,HbO -h C,HbOH + CH.CHO. . . (13) 


TABLE V. — RsAcnoK betwbsn Cu++ Ion and Pb(CH3)4 ix ^^Ietuyl Alcohol. 


Tempontme 

(Vffirm, of 
Ca(NO,)t. 3 HaO 
(g. moL/I.) 

CH* 

cc. 

X.TaPa 

C*H, 
cc. V.T.P. 

Ratio 

Carbon Balance. 
?0 

(Cu++=sCH*) 

Stage I. 

Stage a. 

18 

2*55 . io-» 

I 3 -X 5 

3-45 

O -20 

1 12-5 

18 

2*55 . 10-* 

12-58 

3-15 

0-25 

105-9 

-45 


i-gi . 10-* 

0-0 

2- 14) 







> 

0-27 

107-0 


+ 18 


9-25 

o-4oJ 



-40 


i*gi . IO-* 

0-0 

2-24'! 







> 

o-2g 

114*5 


+ 20 


g-66 

o-6iJ 




In methyl alcohol, an additional molecule of methane is formed from the 
alcohol. The mechanism of this reaction is not yet clear. 

Initiation of Polymerisation. — ^It was obsen'ed that when lead tetra- 
methyl or ethyl was added to an alcoholic solution of styrene, methyl 
meth^rylate or acrylonitrile containing cupric mtrate, polymerisation 
of the monomers occurs rapidly at room temperature. Cupnc ions or 
the lead alkyl alone did not initiate polymerisation and, moreover, the 
presence of the monomer inhibited the formation of copper methyl (or 
ethyl). In contrast to these observations, the reaction of AgNOg with 
lead tetra methyl (or ethyl) did not initiate polymerisation. Neither 
was the decomposition of the silver methyl at o'* c. or lower, effective in 
this respect. It appears, therefore, that the polymerisation initiator is 
not the free alkyl rascal but that initiation is most probably determined 
by an oxidation-reduction reaction involving the copper ions. 

One of us (F. J. W.) is indebted to the Distillers Co. Ltd., for a Research 
Grant. 

Summary. 

Silver methyl and ethyl have been prepared by the reaction of AgNOg and 
lead tetra methyl (or tetra ethyl) in alcoholic solution. In the temperature 
range — 60'' to — 20** c., AgCH, decomposed according to the first-order law, 
k « 3*3 10* e-i0,fi00/B2'. The low temperature-independrat factor is eiqilained 

in terms of the potential energy surfaces for the reaction Ag~CH, ► Ag -f CH,. 

The methyl ramcals liberated combine quantitatively to form ethane but with 
ethyl radicals the diqiroportionation xearaon 

C,H, -I- C»H* + 

also occurs. 

The corresponding reaction between cupric compounds and the lead alkyls 
fdhms a different course and the probable mechanism of the reaction is : 

Cu++ + Pb(CH,)4-»- Cu+ -I- Pb(CH,),+ + CH, 

Cu+ + Pb(CH,)4-^ CuCH, + Pb(CH,)f. 
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The copper methyl does not decompose to give methyl radicals, but reacts with 
the solvent to form methane. 

The combination of Cu++ ion with lead tetra-methyl or -ethyl is a pow'erful 
polymerisation catalyst and the chain initiation is not a consequence of the 
formation of the free alkyl radicals. 

R£sum6. 

On a prdpard rargent-mdthyl et I’at^ent-dthyle. Le premier se ddcompose 
entre — Go ct — 20" c. d'apida une loi du premier oidre : h = 5*5 X lo”® e -w,soo/ar_ 
On exi>lique le faible facteur inddpendant de la tcmpdrature par les surfaces 
d'dnergie potentielle pour la rdaction : Ag+CH3“->- Ag + CH3. La rdaction 
correspondante entre les composds cuivriques et les plomb-alcoyles suit un 
cours difidrent et I'on sugghre un mdcanisme probable. La combinaison d’ions 
Cu++ avec le plomb-tdtra-mdthyle on dthyle est un catalyseur puissant do poly- 
mdrisation et I'initiation de chsdne n'est pas une consdquence de la formation 
de radicaux libres alcoyles. 

Zuaammenfassung. 

Silbermethyl und -athyl sind dargestellt worden ; das erstere zersetzt sich 
zwischen — 60“ imd — 2o“c. als Reaktion erster Ordnung, wobei 

- 10,500 

^ = 5‘5 X io“® . e 

Die niedrige Aktionskonatante wird mit Bezug auf die Potentialenergieober- 
flachen fhr die Reaktion 

Ag+CH3--> Ag + CHj 

besproclien. Die entsprechende Reaktion zwischen Kupriverbindungen unrf 
den Bleialkylen verULuft anders mid es wird ein wahrscheinheher Mechanismus 
vorgeschlagen. Die Kombination von Kupferionon mit Bleitctramethyl oder 
-athyl 1st ein sehr wirksamer Polymerisatioxiskatalysator undf die Ketteneinleitung 
ist nicht die Folge der Bildung von freien RadDcalen. 

Chemistry Department, 

The. University, 

Bristol. 


A PROBABLE EXAMPLE OF INORGANIC FREE 

RADICALS. 

By F. G. Mann. 

Received 2,1st July, 1947. 

The study of free radicals has hitherto been confined almost exclusively 
to organic radicals. It is probable, however, that a wide field of develop- 
ment is available in the study of inorganic free radicals, particularly, those 
containing metallic atoms. 

An example of such radicals occurred in the investigation of " bridged ” 
metallic complexes by Mann and Purdie,*^ It was found that tri-»-propyl- 
phosphine combined with cadmium iodide to give di-iodo-bis-(tripropyl- 
pho3phine)-/i-di-iodo-dicadmium (I), m.p. 124“, in which the 4-covalent 
cadmium complexes are tetrahedral, and in which each cadmium atom 
has acquired 6 electrons to attain the electronic structure of the next 
inert gas (xenon). 



^J.Chem. Soc., 1940, 1230. 
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Mercuric iodide similarly gave di-iodo-bis(tripropyl-phosphine)-/i-di-iodo- 
dimercury (Ilj, m.p. 114°, in which, the metallic complexes are again 
tetrahedi^, and in which the mercuric atoms have also acquired 6 electrons. 
Each of these products was" a well-defined crj'stalline covalent compound, 
soluble in many organic solvents, and showing m such solvents a mole- 
cular weight corresponding closely to that required by the above formulae. 

When, however, waum alcoholic equimolecular solutions of the com- 
pounds (I) and (II) were mixed, the cadmium-mercury compound di- 
iodo-bis(tripropyl-phosphme)-/i-di-iodo-cadmium-mercury (III), m.p. 141®, 
crystallised out. 

The formation of this compound is probably due to the compound 
(I) in alcoholic solution being in equilibrium with a very low concentra- 
tion of the free radical (lA), and to the compound (II) being similarly 
in equilibrium with the free radical (IIA). These free radical must hie 
present only in small amount, as their presence cannot be detected by 
the normal cryoscopic molecule-weight determinations. 

WThen solutions of the compounds (I) and (II) are mixed, however, 
these free radicals combine in unlike pairs to give the compound (III), 
because the latter is less soluble and presumably more stable (cf. the 


PtjP I Pr,P I 

/ / 

(lA) (IIA) 


rpr,p 




(IV) 


PPr.J 


•Pr,P I 

/ \ 

I PPtj 

(V) 


melting-points) than the compounds (I) and (II). 

If a free radical is defined as a neutral group of combined atoms one 
of which possesses a deficiency of electrons, so that the groups can cpmbine 
in pairs, ^en clearly (lA) and (IIA) are free radicals, as the normal satur- 
ated electronic condition of ca^bnium and mercury is that in which these 
atoms have acquired an additional 6 electrons, as in the compounds (I) 
and (II), and of course in the more simple unbridged compounds (IV) 
and (V). If, however, a free radicjd is defined more strictly as a neutral 
group of combined atoms one of which possesses an odd electron, then 
subs^ces of type (lA) and (IIA) are not free radicals, but are members 
of a group of compounds intermediate in type between normal saturated 
molecules on the one hand and true free rascals on the other. 

It must be emphasised, however, that very little indeed is known 
about the nature of the fission of compounds such as (I) and (II) in solu- 
tion. It may be that the small degree of decomposition is due not to 
simple fission, but to the action of the alcohol, which may give compounds 
such as (IB) and (IIB) in very low concentration, the metal atoms thus 
retaining their 6 electrc^, and that these unstable products (IB) and (IIB) 


I 1 


rPr,P I "1 

^ / 


N / 

Cd 


jHg 

L I HOEtJ 


L I HOEtJ 


(IB) (IIB) 

then unite with loss of alcohol to give (III). If this is so, then no question 
of free radical formation arises. 

The conditions that determine the formation of compounds such as 
(III) warrant further investigation therefore. 


R68um6. 

On souligne id les vastes possibUitSs de d^veloppement qu'ofiie r6tade dos 
zadicaux libra min^ianx, particuH&rement ceux conlenant des atomes mdtalliques. 
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tela les complexes mdtalliques " k pent”, pr^par^s pr4c4demment par I’auteur 
et oil il y a un groupe neiitie d'atomes combinds, dont I’mi est ddficient en 
electrons. 


Zusammenfassimg. 

Es wird ausgefuhrt, dasa anotganische freie Radikalo 'wahrscheinlich em 
grosses entwicklungsfahiges Versnehsgebiet darstellen ; insbesondere Eadikale, 
die MetaUatome cnthallra wie die frflfaer vom Verfasser dargestellten Brdcken- 
metaJlkomplexe, die eino neutrale Gmppo von gobundenen Atomen enthalten, 
von denen ein.es einen Blektronendefekt besitzt. 


GENERAL DISCUSSION 

Dr. M. J. S. Dewar {MaxcLafthead) said : Does not the lailure oi silver 
methyl to initiate pol3nnerisation suggest rather that the methyl radicals 
are removed mpidly by the reaction, Me* AgMe -► Ag + C,H„ the 
silver methyl bdiaving as a kind of inhibitor ? A similar expla^tion 
would account for the formation of ethane m Stage i of the Cu'H- reaction, 
CuMet or CuMe+ reacting with methyl radicals. In the second phase the 
liberation of free methane could be explained by the very low solubility 
of CuMe ; the methyl radicals formed by its decomposition can now attack 
the solvent to give CH4 and an aldehyde, since the concentration of Cuhfe 
in solution is insufficient to remove them, and if a suitable monomer is 
present they can initiate polymerisation. It is extremely difficult to 
believe that free methyl radicals would not initiate polymerisation in 
styrene or methyl methacrylate, monomers which are known from 
copolymeiisation experiments to react readily with radicals. 

Dr. G. Salomon (Delft) said : On which experimental evidence is the 
assumption of an ionic carbon-metal bond based ? How are the differ- 
ences in solubility for various metid aUcyls explained ? Comparing 
structural formulas and reactivity it seems sometiii^ more appropriate 
to consider a " degeneration of bond type " than the formation of true 
free radicals in solution. 

Dr. G. H. Bauenford (Maidenhead) said : I should like to illustrate a 
method by which the lower limits of certaiin velocity constamts not readily 
accessible to direct meaisurement may be estimated. Ihe principle of 
the method is to compare the rate of the rapid reaction (e.g. the com- 
bination of two methyls) with that of a competing reaction, and then to 
use data on vinyl polymerisation to obtain a lower limit for the latter 
reaction. Thus if we accept Bawn ai^ Whitby's reaction scheme we can 
estimate a lower limit for the velocity constant (A) of (i) ; 

2CH, C,H, (I) 

Their (extrapolated) value at o^'.c. for the velocity constant of the de- 
composition of AgMe in EtOH is 2*5 x io~“ sec.-*. Thus in a run in 
whi^ [AgMe] =* 2*7 x lo-* mol./L-^ the stationary concentration of 
methyl is given sufficiently accuratdy by : 


or 

A[Me]* « 2*3 X 10-* X 2*7 X IO-* 6*8 x lo-* 

{Mo] B<e 2*6 X io-*/V k. .... 

* (*) 

Now 

«= A'[C,HBOH][Me] = i7*4A'[Me3 . 

■ ( 3 ) 

and 

™ - 6.8 X 

. ( 4 ) 


where h' is the constant for the reaction between methyl and alcohol- 
producing methane. Bawn and Whitlw found no methane. Assuming 
they could detect o*i %, then we have ^m (3) and (4) 

17*4 A'[Me] < lo-* X 6*8 x io“* 
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or 


i.e. 


Vft > 17-4 X 2-6 X 10-* k' 
IO-* X 6-8 X 10-® 


> 6-6 X io« k'. 


by (2) 


( 5 ) 


Now the leaotioa between. Me and EtOH is essentially aiTni1ft.r to a chain- 
transfer process in vinyl polymerisation. Recent experiments by Mr. 
G. D. Lewis have shown that at 0° c. the absolute value of the transfer 
constant in vinyl acetate is 0*12 1 . mol.“^ sec.~^. The methyl radical 
must be at least as active as the vinyl acetate radical, and since this factor 
seems of great importance in determining rates of transfer reactions (see 
remarks on NozaM’s paper), we may confidently put k' > 0-12. Tlius 
from (5) we obtain k > 6-3 X io~“ 1 . mol.“^ sec.“^. It would obviously 
be pr^erable to carry out the decomposition of AgMe in a solvent of 
which the transfer constant with vinyl acetate has be^ measured directly. 
If the reaction producing ethane is not the simple dimerisation as supposed 
by ^wn and Whitby, but some other reaction involving methyl, the 
lower limit for the velocity constant of the latter reaction could be found 
in the above way. 

These results seem to show that the dimerisation involves little, if 
any, activation energy. Further, since the recombination in the gas 
phase probably has a low stexic factor (see paper by Steeide, Darwent 
and Trost) the reaction under these conations must involve three-body 
collisions. The value of k estimated above for the liquid phase corre- 
sponds to a minimum steric factor of about io“*. This would imply a 
Twinimnm value of about 3 X lo'® in the gas phase at ca. 200 mm. pressure, 
in good agreement with Steade, Darwent and Trost’s figure of lo-®. 

Dr. W. A. Wafers {Oxford^ said : Dr. Bawn’s postulation of the uni- 
molecular decomposition of dilute solutions of AgCH, to " free " methyl 
radicals, which are incapable of attacking the alc^ol used as the solvent, 
seems to be ratber abnormal. One would have expected that even at 
his low temperatures the free methyl radicals would have dehydrogenated 
surrounding molecules. The decomposition of CuCH, etc., is much more 
what one would have antidpated. These decompositions of organo- 
silver compoimds deserve further study since Gilman and his colleagues 
have reported that AgC«Hg decompose in solution to give over 70 % 
of diphmyl, whereas CuCgHg under similar dicumstances gave beiVEeno. 
All previous studies of frra phenyl radicals in solution have shown 
that it deh3rdrogenates the solvmt and does not dimerise. Evidently 
there is much more to be learned abont the decomposition of organo- 
metalhc compounds in solution. 

Dr. E. Warhurst {ManchKtsr) said : With regard to Dr. Salomon’s 
questions and in amplification of Dr. Bawn’s remarks, I might mention 
that Mr. J. B. Taylor and myself at Manchester have been stnd3dng the 
physical properties of lithium alkyls. Preliminary work shows that 
Uquid lithium n-butyl exhibits a very low vapour pressure (»>- 2 X io~*mm. 
at 70® c. eind 4*5 x 10-* nun. at 60® c.) and a very high latent heat of 
evaporation (^33 kcal./mole). From cr3ioscopic measurements in 
benzene solution, lithium ethyl is known to be associated to the extent 
of 6 or 7 molecules per cluster. Our ocperiments on lithium butyl accord 
with the view i±iat this compound is alro strongly associated in ^ liquid 
state and in solutions of hydrocarbons, due to a powerful dipole-dipole 
attraction between the strongly polar li — C " hea^ " of the mcfiec^es. 
The complete miscibQity of Htmnm butyl with hydrocarbon solvents 
(despite -flio largo ionic character, 80 %, of the Li — C bond), can he 
explained on tlm basis of association. T^ beat of solution will be ex- 
txmnely small since the duster-duster cohesion in the liquid state is merdy 
due to cohesimi between hydrocarbon "tails", and the duster-solvent 
cohesion is likewise an interaction between the hydrocarbon tails of a 
duster and the solvent mdecules. 
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There are a number of points which indicate that the Ag — C and Cu — C 
bonds are not as closely similar to Li — C bonds as 'Dr. Bawn suggests, 
the difference probably l3nng in the direction of a much-reduced ionic 
character for the Ag— C and Cu — C bonds compared with the Li — C bond. 
The ionisation potential and ionic size of lithium are considerably smaller 
than those of silver and copper, which tends to make the ionic state 
Li more stable relative to the covalent state than obtains in the cases 
of Ag — C and Cu — C bonds. Further, the general reactivity of Li — C 
bonds appears to be much greater than that of Ag — C and Cu — C bonds. 
For example, lithium alkyls react vigorously with alcohols, whereas stable 
suspensions and solutions of Ag — < 5 b, and Cu — CH, in alcohol can be 
obtained, as Bawn has shown 

Dr. M. Szwarc [Manchester) [communicaied) : In a very interesting 
paper. Dr. Bawn and Mr. Whitby described the behaviour of Ag . CH,. 
The striking facts are : the decomposition of Ag . CH, leads only to forma- 
tion of C,H, in proportion of J mole C,H, for one mole.AgNO, used ; the 
reactions characteristic for CH, radicals have not been observed (i.e. 
formation of CH, by extraction of H atom from alcohol used as a solvent, 
and initiation of polymerisation) ; the decomposition gives first-order 
kinetics with an extremely small frequency factor. 

It seems to me, that the lack of the characteristic reactions of the CH, 
radical leaves some doubts as to whether this radical is indeed formed 
(even at the extremely low temperatures applied by the authors). I 
would like, therefore, to suggest an alternative explanation of the above 
facts, which does not involve the formation of the CH, radical. 

I assume that the bulk of the Ag . CH, formed in the reaction is in 
the form of a dimer (Ag . CH,),. T^ assumption seems to gain some 
support from the fact titmt the Ag . Ph compound isolated by Kraus and 
Schmitz [Ber., 1919, 62 , 2164) has a composition (Ag . Ph), . AgNO,. 
The decomposition of (Ag . CH,), is a unimolecular reaction, the tran^tion 
state being formed by twisting, which brings the methyl groups near to 
each other. The extremely sinall frequency &ctor reflects the very low 
probability of attaining the above-mentioned transition state. The pro- 
duct of the reaction is, of course, C,H, and in the proportion found in 
experiments. No CH, radical is form^ and, therefore, we shall not expect 
any of the reactions characteristic for this radical. 

Dr. G. E. H. Bawn [Bristol) said : In r^ly to Dr. Dewar, the absence 
of polymerisation in st3aiene does nbt preclude the formation of free methyl 
ra^c^s, since it cannot be assmned that radicals formed at low tempera- 
tures will initiate this reaction. It may well be that the radical-initiation 
reactions require an appreciable activation energy, or propagation is 
difficult, and that the dimerisation reaction is the easier process. 

The absence of reaction of methyl radicals with’ the solvent is not sur- 
prising, since the analogous reactions of those radicals with alkyl halides, 
aldehydes and ketones have activation energies of 8-15 kcal. 

Silver phenyl is much more stable than silver methyl and decomposes 
in solution at a measurable rate at 60-80° c. Our prdiminary studies 
show that appreciable formation of diphenyl occurs at 60° c., but that 
simultaneous dehydrogenation of the solvent, as stated by Dr. Waters, 
also occurs. 

With reference to Dr. Warhurst’s remarks, the silver and copper 
alkyls are insoluble in hydrocarbon solvents. The latter, like the lithium 
alkyl, reacts vigorously with alcoholic solvents at room temperature, 
but below — 30“ c. the reaction is extremely slow. 

La reply to Dr. Szwarc's suggestion of the formation of a dimer 
(AgCH,)„ I feel that the existence of molecules of this type is very im- 
probabte. Divalent silver is known in AgF, and in complas salts. The 
formation of CH, — ^Ag — Ag — CH„ which would require the promotion 
of one of the inner silver electrons to the O shell would have a linear con- 
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figuration, since $-p hybrids are concerned in bond formation. The 
configuration of the transition state would also be linear, and the produc- 
tion of ethane in one stage would therefore be unlikely. Owing to the 
instability of silver methyl, it is not possible to reach a definite decision 
as to the possibility of dimer formation, or association, bj- molecular 
weight determination. The measurements are, however, being carried 
out on tbs more stable silver phenyl. 

Dr. G. E. H. Bawn and Mr. F. J. Whitby {Bristol) (communicated) : 
Recent investigation has shown that CuCHj reacts with methyl alcohol 
with the formation of methane, according to 

CuCHj + CHjOH -► CHj + Cu+ -|- OCH,-. . . (i) 

The cuprous ions formed react slowly with any excess lead tetramethyl 
present, 

Cu+ -f- Pb(CH,)4 CuCHa + Pb{CH 8 ),+ . . (2) 

and the reaction chain continues until all the lead alkyl is used up. The 
Cu+ is partly destroyed with the formation of copper by the reaction 

Cu+ 4 - Cu+ -♦ Cu++ -f Cu. 

No aldehydes are formed in the absence of oxygen and reaction (i) is 
preferred to reaction (12) referred to in our paper. 

Dr. J. H. van Santen (Eindhoven) said : We may consider the bond 
between a positive ion and a molecule like water from two extreme points 
of view. According to the covalmit picture, an electron pair of the Qxygen 
is donated to the positive ion whereas, from the heteropolar point of view, 
we have an interaction between a positive charge on the one side and a 
polar, polarisable molecule like water on the other side. 1 think that in 
the case of water the heteropolar model is quite satisfactory ; even the 
extreme case, that the x)ositive ion is a hydrogen ion from another water 
molecule, can be fitted into this scheme (" hydrogen bond 

If, however, water is replaced by the more polarisable molecule ammonia 
the heteropolar properties become less pronounced. In the case of the 
[Co(NH,)J*+ ion we may conclude from the magnetic behaviour that a 
considerable rearrangement of the ^ectrons, has t^en place. 

In the case of a bond between a phosphine and a positive ion w'e can 
expect a still more covalent character than in the case of ammonia because 
of its higher polarisability, a fortiori for cadmium iodide, since here the 
heteropolar character will be rather weak. Yet I think that the transi- 
tion from the hydrates on the one hand to Dr. Mann's compounds is so 
continuous that one should not call the latter radicals. 

Mr. H. Q. Longuet-Higglns (Oxford) said : I should like to make two 
small points in connection with Dr. Mann's paper. The first is to question 
wheth^ the entities (lA) and (IIA) are nec^saxily intermediates in the 
reaction between (I) and (II) to give (III). Until more definite evidence 
is available it remains a pc^bihty ihat the reaction proceeds through 



(VI) (VII) 


ionic intermediates of the types (VI) and (VII). Both (I) and (U) might 
dissociate into ions of the type (VI) and (VII), and “ cross-linking " 
between th^ ions could then give (III). 

Secondly, according to Dr. Mann's definition of a free radical, a mole- 
cule such as the monomer of aluminium chloride is a free radicaL Berhaps 
therefore it would be less confusing to reserve the term " free radical " 
for reactive molecules containing unpaired electrons, and refer to AlClg, 
etc., as electron-deficient molecules. 
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Dr. V. Gold {London) {communicated) : Before any extension of 
definitions is adopted we should be certain that the current usage of 
terms is unsatisfeictQry. There is a distinction between free radicals 
and labile molecules, which is implicit in the names, and I would suggest 
that, as long as this is recognised, there is no need to modify the present 
definitions. A free radical is a polyatomic particle containing one or — 
less frequently — ^more unpaired dectrons (in diradicals the two electrons 
concerned 2ire not on the same atom in important valence bond struc- 
tures) ; a labile molecule is an unstable molecular species possessing a 
short, transient life on accoimt of its high reactivity. Thus, free radicals 
may be stable (e.g. FhjC, NO,, NO) and labile molecules need not contain 
impaired electrons (e.g. the carbonium cations formed during the uni- 
mdecular hydrol3rses of alkyl halides). The molecules lA and IIA in 
Dr. Mann’s paper represent the rather special case of labile lone-pair 
acceptor molecules which can undergo pairwise mutual co-ordination; 
they are labile molecules but should not be called free radicals. Dr. 
Mann’s proposed definitions would l^d to other difficulties. (CO)+ and 
NO would not qualify as free radicals, the latter only because (NO)i does 
not exist although NO will react rapidly with oth^ free radicals. On 
the other hand one can foresee that by a logical development of Dr. Mann's 
definition a reasonable case could be made out for regarding formic add 
as a free radical as it will combine in pairs to form the dimer, a behaviour 
which is due to the fact that the aad hydrogen atom *' possesses a de- 
fidency of electrons " and therefore intenmts with the carbonyl oxygen 
of 'the^other molecule. 


C.— OXIDATION-REDUCTION REACTIONS. 
CHROMIC ANHYDRIDE OXIDATION OF ALKYL 

SIDE-CHAINS. 


By Louis F. Fieser. 


Received nth August, 1947. 


An investigation of the metabolism in man of a series of 2-h3rdroxy- 
3-aIkyi-i : 4-naphthoquinones of interest as potential curative autimalarial 
drugs disclosed the fact that most such substances undergo rapid oxidation 
in the liver to degraded products having an oxygenated side-chain but 
with the quinone nucleus stiU intact.^ Jsoalkyl side-chains suffer dther 
hydroxylation to tertiary alcohols or end-methyl oxidation ; a cydohexyl 
group undergoes ternfinal hydroxylation to a secondary alcohol; a 
Ca-chain with a j 3 -methyl branch is shortened to a C,-chain : 



R 


R' 


{a) 






(6) -{CH,)„4ox, Ch/ * 
\CH, 


C iH 


^•Fleaer, Chaz^, Daubea, Heidelberger, Hevjnana and Selignian, J. Amar. 
Chem. Soc. (in press). 
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{c) — (CH.)fH( )> 


CH, 


(d) — CH,c!hCH,CH,CH,CH,CHjCH8 

7 

(«) -(CH,),^ ^CH, -(CHO,< ^ ^ CQ,H 



I have found that comparable side-chain degradation can be accom- 
plished by oxidation of the acetyl derivatives with chromic anhydride.* 
Acidic products are extracted from an ethereal solution of the reaction 
mixture with soda and determined colorimetrically. The residual material 
is saponified and the more hydrophilic alcoholic or ketonic oxidation 
products separated from unchanged starting material by fractional 
extraction from ether with bufiers of increasing alkalinity. Mixtures 
of acids are best processed by counter-current distribution of the esters 
between ether and a suitable buffer. Since the course of the oxidations 
can be followed by time-yield curves of acidic and non-acidic products, 
the effect of variations in the reaction conditions is easily established. 
By far the most efficient method found consists in agitating a glacial acetic 
add solution of the substance to be oxidised with s^d chmmic anhydride 
at 20-25° : usually the starting material is completely consumed in about 
45 min. and the total yield of oxidation products is 80-85 %. When the 
oxidation is conducted by the classical procedure in a homogeneous solu- 
tion containing 10 % water the total yield is never over 57 % and some 
5 % of starting material is still present after 24 hr. 

Side-chain oxidations accomplished by the simple and effident non- 
aqueous procedure are as follows (the structures were established by 
a^ysis, synthesis, or degradation) : 


XH, 


(I) 

« — 2, 4, 6, 7 


vCH 

(2) 

M — 2284 


« = 2, 4, 6 
A 


-H — (CH.)^iCO,H 


« = 2, 4. 6, 7 
B 


/CH, 

— {CH,),(CH 0 ,CH< + — (CH,),CO,H 

W-' Vh, 

O— 2H 


( 3 ) -CaoHn-w 
M— 273 


(4) — CjjHjg — n 
M — 2256 


f — CH,CH,CH,CH,CH,CH,COCH,CHsCH, 

L — (CHJ.CO.H 
W = 2, 3. 4. 5. 6, 7 


— CiTHasO 


CH, 

(5) — CH,clHC,Hir-«- 
Af— 2S5 


(A) 

(B) 
(C} 
(D) 


— CH,CH(CH,)CH,CH,CH,CH,COCH, 

7 

— CH,CH(CH,)CH,CH,CH,CH,CO,H-» 

7 

— CH,CH(CH,)CH,CH,CH,CO,H L -*-1 

— CH,CH(CH,)CH,CO,H 

4 ^ 


■ Fieser, J. Amer. Chem. Soc. (in press). 
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Another reaction that appears novel is the production of tertian,' 
alcohols from isoalkyl side-ch^s (i). That the ^cohols of type A arc 
the precursors of the acids B was inferred from time-yield curves and 
established by direct conversion, and hence oxidative fission of tertiar}' 
alcohols is another reaction realised by the anh5'drou8 procedure. A 
further reaction is the smooth fission of alicyclic rings to keto acids (ii). 
These reactions probably are not specific to the non-aqueous procedure, 
but the fact that they have remained obscure or unknown pioints to a 
greater efficiency of the present procedure over the classical one. In a 
current investigation of compounds other than quinones, the procedure 
has been found applicable to the oxidation of aromatic, hydroaromatic, 
and paraffinic hydrocarbons, to higher fatty acids, and to a variety of 
carbinols. 

Westheimer and Novick • interpreted the kinetics of the chromic acid 
oxidation of isopropyl alcohol in dilute aqueous solution in terms of an 
ionic mechanism. In a qualitative study of oxidations effected by 
chromic anhydride in a very dilute solution in glacial acetic acid. Waters * 
found that some oxygen was absorbed in those instances where a reaction 
occurred and suggested that the reaction proceeds by an oxygen-propagated 
free-radical mechanism. When a' typical naphthoquinone oxidation 
<(M-266 acetate) was conducted in the Warburg apparatus, about 0*03 
mole of oxygen per mole of naphthoquinone was consumed in i hr., about 
half of it in the firct 1 5 min. A large-scale oxidation conducted in a nitrogen 
atmosphere gave the same product, and in substantially the same yield, 
as one conducted in a vigorously-stirred mixture exposed to air. Oxygen 
absorption in this instance thus appears to be a minor side reaction not 
essential to the main oxidation. 


R6sum6. 

On discute I'oxydation chromique des chalnes lat^rales alcoyles ; la degrada- 
tion de la chaine Laterale est comparable & I’oxydation rapide de ces composes 
dans le foie, oh Us out une chaine laterals oxygenee avec on no^’au quinonique 
intact. On indique la methode d'oxydation par un precede efficace non-aqueux 
et la nature des produits formes. 

Zusammenfassung. 

Die Oxydation von Alkylseitenketten dutch Chromtrioxyd wird erOrtert; 
Abbau der Seitenkette gleicht der schnellcn Oxydation dieser Verbindimgen in der 
Leber datin, dass die Produkte cine os^dierte Seitenkette enthalten aber einen 
unangegriifenen Cbinonkem. £s >\’ixd die Oxydationsmethode durch eine nicht- 
wdsserige Frozedur mit guter Ausbeuto beschrieben und die Produkte wexden 
angege^a. 

Department of Chemistry, 

Harvard University, 

Massachnsetts. 


“Westheimer and Novick, J. Chem. Physics, 1943, ii, 506. 
“Waters, J. Chem. Soc., 1946, 1151. 



ANIONIC INTERMEDIATES IN REDUCTION 
BY NASCENT HYDROGEN. 

By Arthur J. Birch. 

Received nth August, 1947. 

The aim of this paper is to show that reduction by " nascent ” hydrogen 
can be explained in all its aspects if it is assumed that the essential stage 
is the ad^tion of two, or more rarely, one electron to give a charg^ 
transition complex. In some cases, e.g. benzophenone, there is no doubt 
that limited amounts of reducing agent give anion-radicals ; reductions 
at the droppmg mercury electrode may also take place in one-electron 
stages, but more often in two, for example with polycyclic hydrocarbons.^* * 
An examination is made here of the reductions fairly cerhunly involving 
two electrons. 

With organic compounds two types of reaction may be distinguished : 
addition of electrons to form a divalent anion in the case of an unsaturated 
system, or fission of the molecule with formation of two anions. Both 
may be formally considered on the same lines since they involve the dis- 
appearance of a bond and the production of two negativdy charged atoms 
or groups. Whether the process takes place depends on whether there is 
sufficient energy available, and it is the^ore necessary to arrive at some 
idea, oven if only qualitatively, of the energy factors involved. 

The driving energy must come from the electrons supplied by the 
reducing agent, measured by their potential, and it may be assisted by 
favourable energy changes due to alterations in bond energy or resonance. 
The energy used up may conveniently be divided into ^t required to 
produce ^e charg^ atoms, and other unfavourable bond or resonance 
changes, including the mutual influence of the charges. 

The relative energies required to produce a single negative charge in 
different systems can be roughly determined by examiniug the aciffities 
of the " acids " to which the anions give rise by addition of a proton : 
the greater the acidity the lower the energy. The ideas thus gained can 
then be extended to the relative energies of the similar anions formed 
during reduction. For saturated carbon atoms it appears from general 
principles, confirmed by the work of Morton and others, that the 
acidity of an attached proton should decrease with increased degree of 
alkylation, i.e. the energy of a negatively charged carbon atom will be 
higher the greater the number of alkyl groups attached to it. In a systo 
in which the charge is de-localised (such as the allylic anion (I)) the acidity 
of the proton is greatly increased, and the charge energy lowered. In 
'considering the e^t of substitution on sueh a system it is necessary to 
take account of both ends of the ion, since the charge resides to some 
extent on both the end carbon atoms. It appears that, to a first degree 
of approximation, the energy of formation of (I) is increased by increasing 
the d^^ of alkylation and decr^^ed by mcreasing the degree of arylation 

^ Wawzondc and Laitinen, J. Amef. Chem. Soc., 1942, 64, 1767, 2365. 

* Wawzonek and Fan, ibid,, 1946. ($8, 2541. 

* Morton. Chem. Rev,, xg^, 35, 8. 

4 Fenton and Ingbld, J. them, Soc., 1929, 2338. 
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ot the end carbon atoms.®* ** ® The direct metallation results of Morton 
and others ® would appear to confirm this idea. 

The effect of hetero-atoms on acidity is clear from the known order 
CH < NH < OH, giving the order of energies C“ > N- > O". Thus, 
if the hetero-atom is present in an allylic anion (II) the aciditj' of an 
attached H will be greatly increased over that in the carbon system, no 
matter whether the acid considered is (III) or (IV). Owing to the un- 
shared electrons on the hetero-atom there is the possibility that the energy 
of a negative charge on an adjacent carbon atom as in (V) may be raised ; 
the inductive effect of groups like methoxyl tends, however, to raise acidit}’, 
and both effects appear to come into play according to circumstances. 


© 

(I) 


L— N— H(L-i=N- 




>4e 


If t^vo negative charges are present, as in many reduction intermediates, 
the energy of the anion will be further raised by a factor due to their 
interaction. 

With these ideas in mind let us consider the effect first on the primary 
reduction process — electron addition — and then on the seconds^ pro- 
cesses — ^proton addition or dimerisation — of altering the reducing agent, 
the solvent, and the nature of the substance reduced. 

Reducing Agent. — ^Leaving out of consideration &etors such as con- 
venience of application, the most important characteristic of the electron 
source is its potential. This is sufficiently obvious and is well illustrated 
by metal and polarographic reductions.^o 

Influence of Solvent on Primary Reduction. — ^The nature of the solvent 
is often critical not only for the subsequent reactions of the transition 
complex, but for its formation as well. For example, sodium and alcohol 
in petrol are incapable of reducing anisole, but in liquid ammonia or 
ethylenediamine a good yield of 2 : 5-dihydroanisole is obtained."* 

The favourable influence of solvents like alcohols or amines is probably 
due to their anionoid character. This is manifested particularly in the 
case of ammonia, which is a very useful solvent for promoting the formation 
of alkali-metal salts of even such weak acids as unsaturated hydrocarbons "• " 
as well as for reductions, and the two aptitudes are obviously linked. The 
ability of ammonia and some amines to dissolve alkali metals unchanged 
is also favourable and avoids any necessity for considering surface reactions 
in such cases. 

The acidity of the solution is also of the greatest importance, since it 
determines the energy required to detach protons from it. Alkylbenzenes 
and anisoles are not reduced by sodium in liquid ammonia except 
in the presence of alcohol. i®* The divalent anion, e.g. (VI) ^ 
evidently'.requiies such a high ener^ because of the high resonance ^ | 
energy of the benzene ring that it cannot be produced as such, t J 
that is, as part of the sodium salt formed of (VI) and two sodium 0 

cations. However, in the presence of alcohol the ion can be formed lyr) 

as part of a transition state to the energy of which the exothermic ' 

addition of protons from the alcohol contributes. Ammonia cannot 


* Birch, J. Chem. Soc., r945, 809. • Birch, ibid, (in press). 

* Morton, /. Amer. Chem. Soc., xg^s, 6 j, 2224. 

* Levy and Cope, ibid., r944, 66 , 1684 ; Campbell and Young, ibid., 1947, 
69, 688. 

* To avoid confusion the atoms being considered are the only ones shown ; 
the bonds are to be taken as joined to hydrogen or alkyl groups. 

* Birch (unpublished woru- 

** Koltboff and Lingane, Polarography (Interscience, N.Y., 1941). 

« Birch, Ntdwre, 1946, 158, 585. Birch, J. Chem. Soc., 1946, 593. 

“ Birch, ibid., r944, 430. 1* Birch, ibid., 1947, 102. 



248 ANIONIC INTERMEDIATES IN REDUCTIONS 


replace alcohol because of the much higher energy required to detach 
protons from it. Neither can the alcohol be replaced by the very acidic 
ammonium chloride, since here the competing reaction which evolves 
hydrogen gas is favoured. The acidity of the solution, particularly in 
water, may also affect the primary reduction by altering the nature of 
the substance reduced : indole for example is reduced only in strongly 
acid solution, and it is probably the salt which reacts.^* 

Reduction in the presence of a proton source is greatly affected by 
solubility, since if the substance is too insoluble metal reductions give 
merely hydrogen gas. This is clearly why many substances fail to reduce 
in liquid ammonia, which may often be replied by ethylenediamine.* 
The presence of impurities is offen critical also. Metallic iron in sodium 
amaJgam or liquid ammonia is harmful, probably because it catal3raes 
the reaction which leads to hydrogen gas. 

Temperature. — ^The yield in a reduction often increases with rise 
in temperature, presumably because of the greater energy available in 
the S3rstem. This can be seen by comparing the jdelds of dihydroanisole 
obtained with the same amounts of reducing agent in various petrol 
fractions : b.p. 40-60“, 0-3 % ; b.p. 60-80“, 4*3 % ; b.p. 100-120“, 7*5 %. 

Reduclbillty and Structure. — ^Unsatusated Systems. — It is possible 


to reduce ^C= 0 , ^ 0 =N — , — ^N=N — , — C;=C — , and — C=N but not 

>c=c<. The energy of formation of woulcj obviously be 

high, and replacement of one of the charged carbon atoms by N© or O© 
would give a more-easily-reached energy value. The reduction of 
— C=C — must be ascribed to the high energy content of this group com- 
pared with ^>C=C<^; and it may also be noted from the metallation 


results, of Morton ’ that tbo acidity of ^ 0 =CR, although less than that of 
^C=icH is higher than that of — ^H, i.e. the energy of ^C=C — will be 

less than that of -ie. The formation of the pure <rans-ethylenes is 


further e\'idence for the intervention of a charged intermediate.^ 

Systems containing conjugated carbon-carbon double bonds are 
reducible with reagents of sufhciently high potential because of the de- 
localisation of the charges, although high resonance energy, as in the 
benzene ring, may make reduction difB.cult. Fused benzene rings are 
more easily reducible, not only because the resonance energy for a given 
ring is lower, but because the charge can be distributed over the whole 
molecule. The effect of substitution on the reduction potential of a double 
bond can be seen from the following results : ^ PhCH=CH,, — 2*343 v. ; 
PhCH=CHCHa. - 2*537 v. ; PhCH==CHPh, - 2*140 v. ; Ph,C=CH„ 
- 2*258 v. ; PhCH=CHCH=CHPh, - 1*981 v. ; Ph,C=CHPh, -2*118 v. ; 
PhjD^Ph„ — 2*046 v. Two phenyl groups on one end of the double 
bond have less effect than one on ea^ end, since in the former case they 
can stabilise only one charge. Ease of rec^uction is increased if there 
is present a hetero-atom such as N or O upon which the charge can reside 
(e.g. quinoline or benzoic add) in the same way that addity is raised if 
these atoms are present in an allylic ion. . However, if the hetero-atom 
is pr^ent in a ff ve-inembered ring such as in indole ' or 2-methylfuran ® 
where its unshared electrons are involved in the aromatid resonance. 


“ V. Braim and Sobecki, Ber., 1911, 44, 2159. 
u Willataetter, Seitz and Buznm, ibid,, 1928, 61, 871. 

IT Young and Eisner, J. Amsr. Chetn. Soc., 1941, 63, 2113. 
Henne and Greenlee, ibid., X943, 65, 2021. 
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reduction is inhibited. This is due to the more-loosely-hdd character of 
the ir-electrons, compared with a ben2ene ring, and also to the fact that 
the charge cannot reside on the hetero-atom itself (compare the low 

acidity of H(!; — with the high acidity of H(1 — i=N — 

L .11 

Groups which tend to charge the conjugated system negatively such 
as alkyl groups, also lower the ease of reduction. This is clearly seen with 
the bOTzene ting. The following relative yields of dihydro-deii\*atives 
were obtained with potassium under the same conditions : anisole, 7-5 % ; 
3-methylanisole, 17 % ; 3 : 5-dimethylanisole 0*14 %.• The same effect 
can be noted on the potentials of benzaldehydes substituted by the 
following groups in the ^ofo-position : Cl, — i-i4V. ; H, — i-2ov. ; 
CH», — 1-25 V. ; OCH„ — 1-30 v.“ 

The mefhoxyl group in a benzene ring can exercise either an activating 
or de-activating influence according to its position : i-methoxjmaphthalene 
reduces in the unoccupied ring, 2-methoxynaphthalene in the occupied ring 
(compare elimination reactions below and also *• 

Elimination Reactions. — ^The hydrogenol3rsis of allyl alcohols by 
sodium and alcohol in ammonia seems to involve mesomeric anions.* 
As expected, increased alkylation or decreased arylation of both ends of 
the S3^tem decreases the ease of redaction. The effect of substituents 
in the benzene ring is best studied by the hydrogenol3^is of benzyl al- 
cohols *• • or the fission of ethers, *® and in both cases the expected 
de-activating effect of alkyl groups and the activating effect of carboxyl 
or carbonyl groups is encountered. With methoxyl groups the position 
is more complicated. With a methoxyl in the ortho-position to the nega- 
tively charged atom there is an activating influence, in the para-position 
there is a strong de-activating influence. It may also be noted that 
2 : 5-dihydroanisoles metallate in the 2-position,* and anisoles invariably 
ortho to the methoxyl. 

Effects of the Solvent on the farther Course of Reduction. — ^I£ the 
solvent is a weak enough acid — ammonia for example — the metal addition 
compound may be stable. This is so with naphthalene and sodium in 
ammonia at — 70®, and the product is protected from further reduction 
by its negative charge. Ano^er good example is : ** 



'V \XH 


(X=O.S) 

If the hydrogenated product is formed in the presence of either stro^ 
acid or alkali it may be further reduced in consequence of bond isomeris- 
ation. With the a8-dihydrobenzenes, for example, the conjugated a/3- 
dihydrobenzenes are formed in liquid ammonia in the presence of mel^ 
amide, and these are then reduced to tetrahydrobenzenes if excess reducing 
agent is present. Metal salts are undoubtedly formed as intermediates 
in this isomerisation, as can be proved by acting on the ammonia solution 
with methyl iodide : • 



Baker, Davies and Hemming. J. Chem, Soc., 1940, 692. 

•® Sartoretto and Sowa, J. Amer. Cham. Soc., 1937, 5P» ®03- 
“ Knowles and Watt, J. Org. Cham., 1942, 7, 60. 
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Using the principles already outlined to determine the most acidic hydrogen 
atom, it is possible to predict the nature of the conjugated compounds.® 

The degree of availability of protons ih the solution may also decide 
whether the product is hydrogenated or dimerised. For example i : i- 
diphenylethylene with sodium in ammonia gives 1:1:4: 4-tetraphenyl- 
bulanc, but in presence of the more acidic othylaniline 1 : i-diphenylethane 
IS formed.*® Similarly pyridine with sodium in ammonia gives chiefly a 
dihydrodip3nidyl, but with addition of alcohol a dihydropyridine.® 

Position of Addition of Protons to a Mesomerlc Anion. — In a 
mesomelic ion there are at least two positions to which a proton can add. 
When such additions are reuei'sible the product is the thermodynamically 
stable isomer,** but this is not necessarily or even usually true for won- 
reversible additions. For reductions with alkali metals in hquid ammonia 
the general rule seems to be that protons add to the form of the ion which 
contributes most to the resonance, i.e. has the lower energy as arrived at 
on the basis of charge stability. For example, in reduction of the benzene 
ring the charges add protons in the aS-positions and tend to avoid alkyl 
and methoxyl groups and to seek carboxyl groups ; while in polycyclic 
compounds they react in positions where they are most stabilised by reson- 
ance.** With mesomeric allylic ions the form which has the charge on the 
least alkylated or moat arylated carbon atom reacts.* In other reductions, 
for example, of diene acids in aqueous solution,** a mixture of products 
is obtained, although even in these cases by increasing the degree of 
alkylation of a position the amount of proton addition there is lowered. 
iUso by increasing the charge on the carboxyl by salt formation a proton 
is added to a greater extent in the more remote position :** 

Solvent % of I : a-dthydro-iaomeride formed from 

CH,=CHCH=CHCOOH CHaCH==CHCH«CHCOOH 

Water + NaHCO, o 40 

Water + CHgCOOH 18 55 

The factors which influence the irreversible addition of an addendum 
to one or other end of an allylic ion are not known, but the subject is of 
toe greatest importance, involving among other things the ratio ortho j para 
in substitution. In a discussion of this character, a little speculation may 
perhaps not be out of place. 

The critical energy required to produce a transition state containing a 
negative ion may conveniently be divided into two parts : that associ- 
ated with the formation of the ion and that associated with addition of 
the addendum. If the ion is not symmetrical one of its forms must ha\'e 
a lower energy than the other and approximate more to the mesomeric 
ion. Neglectmg as hitherto any pur^y storic factors, it seems probable 
that toe addition of an addendum requiring little further critical energy 
should take place chiefly on the lower energy form of the ion, i.e. to toe 
end where toe charge is most stable. However, if thi g critical energy 
rises too high, or the total amount of energy for the process falls too low, 
it might be ^qpected that the higher energy form of the ion, which pre- 
sumably has its charge in a more reactive condition, should ^gin to add 
toe addendum, altoough the overall reaction velocity should, of course, fall. 

These ideas can Ije illustrated by reactions of butenyl halides, toe re- 
duction of which evidently goes through a mesomeric anion, since butenyl 
and methyl vinyl carbinyl halides give the same mixture of butene- 1 
and butene-2 (the energy difference between these halides must be small 
since they form about an 85/1 5 equilibrium mixture) . The ratio of butene-i 

** Ziegler, Colonius and Schafer, Annalm, 1929, 473, 36. 

*• Branch and .Calvin, Thfi Theory of Organic ChamUtry (Prentice-Hall, N.Y., 
1941). P. 281. 

•* Burton and Ingold, J, Chem, Soc., 1929, 2022. 
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to butetie-2 is found to decrease with increasing reduction potential of the 
metal employed, i.e. u’ith increasing energy a\'ailable.*^ This fits with 
the idea that the form CH8CH=CHCHjQ, ha\'ing its charge on the lower 
alkylated carbon atom, and its double bond in the more highly alkylated 
position, ^ould have a lower energy than CH,CH©CH=CHa. Further, 
the reaction of mixtures of the isomeric chlorides and of the isomeric 
broimdes with zinc give mixtures of butenes in which the proportions are 
constant for a given halogen derivative, but invariably contain more 
butene-i wth the chlondes. This agrees with the idea that a bromine 
anion is more readily detached than a chlorine anion, thus leading more 
energy in the allylic ion itself. Moreover, if the Grignard reagents from 
the chlorides or bromides are decomposed with winter, the mixtures of 
butenes obtained are identical : in this case the halogen is detached 
during the formation of the reagent and its nature does not affect the 
allylic ion.^^ Reactions of butenyl Grignard reagents ivith reagents like 
ketones or allyl halides, for whi^ the critical energies must be higher 
than for the -addition of a proton, invariably produce reaction with the 
charge in the secondary, not the primary position. The observations of 
Ziegler ** on the addition of lithium alkyls to butadiene also bear on the 
problem. Here there is initial formation of a mesomeric ion 
RCHjCH^CH^^Ho and this adds to the end of more butadiene mole- 

© 

cules, the product in each case terminating in a mesomeric ion of the 
same form as the initial product. These react with water giving com- 
pounds terminated by — CH=CHCHa, i«e. the proton adds to the more 
stable charge position. However, the position of addition of another 
butadiene molecule depends on the temperature. At about -f 100“ the 
addition is 1 : 4-, i.e. to the lower energy form, while at — 80“ it is chiefly 
1 : 2-, i.e. to the higher energy form. This must be related to the fact that 
at the higher temperature there is more energy available and thus more 
addition to the more stable form of the ion. 


R^m6. 

On pent expliquer la reduction par I’hydrog&ne naissant, en Bupposant que 
r^tape essentidle est Taddition de deux — on plus rarement d'un — Electrons pour 
donner un complexe de transition charg4. On examine certaines reductions qui, 
pense-t-on. comportent deux electrons el I’on discute I'influcnce du solvant sur 
la premiere ^lape et sur les stapes sui^'antes de la reduction, la r^uctibilitd plus 
ou moins grande en fonction de la structure, et la position d ’addition des protons 
k un anion m^m^. 


Zusammenf assung . 

Reduktion durch naszierenden Wasserstoff wird durch die Annahme erkl&rt, 
dass die ausschlaggebende Stufe die Addition von zwei Elektroncn oder seltener 
von einem Elek^on iat, wodurch ein elektrisch geladener tlbeigangskomplex 
entsteht. Reduktionen, von denen anzunebmen ist, dass zwei S.ektTonen 
beteiligt sind, werden untersucht ; der Einfluss des LOsungsmittels anf den 
primhren und den weiteren Verlanf der Reduktion, die Beziehung zwisdoen der 
Rednzierbarkeit und der Stmktur, aowie die Stellung in eindm mesotnerin Anion, 
an der Addition eines Protons eintritt, werden besprochen. 

The Dyson Perrins Laboratory, 

Oxford University. 

“ Young, Kaufman, Loshokoff and Pressman, J. Amer. Cheni. Soc., 1938, 
<k>, 900. 

" Ziegler. Armalen, 1938. 543, 90. 



KINETIC STUDIES IN THE CHEMISTRY OF 
RUBBER AND RELATED MATERIALS. 

V. THE INHIBITORY EFFECT OF PHENOLIC 
COMPOUNDS ON THE THERMAL OXIDATION 
OF ETHYL LINOLEATE. 

By J. L. Holland and P. ten Have.* 

Received i^th January, 1947. 

In a previous paper in this series ^ a kinetic analysis of the oxidation 
of ethyl linoleate in presence of a representative phenolic inliibitor, hydro- 
quinone, was carri^ out in some detail. The two main conclusions 
drawn were [a) that the hydroquinone intervened in the oxidation chains 
by interacting with one chain carrier, RO* — and (6) that the hydroquinone 
was removed from the oxidising olefin in such a way as to correspond 
quantitatively to its chemical conversion (presumably to quinone) as a 
result of the termination reaction. In this paper, the choice of inhibitor 
is extended to other phenolic compounds, ^ect^ in such a way as to 
enable the chemical nature of the interaction with ROg — to be identified 
by kinetic methods, and at the same time to bring to light additional wayn 
in which diverse members of this group may interfere in the oxidation of 
olefins. 

Some comparisons of the effectiveness of various phenols as inhibitors 
in different oxidation systems are available.*"* These investigations 
almost invariably employ the length of induction period, which precedes 
the oxidation of peroxide>free hydrocarbon, as criterion for antioxidant 
eflBlciency : while this is obviously the type of measurement which is of 
most direct interest from the practical point of view, the oxidation 
mechanism under these conditions is unctoubtedly complicated by the 
variety of ways in which oxidation may be initiated, and by the fact that 
in the course of the induction period liie rate of chain initiation is by no 
means constant, Kinetically a far more satis&u^tory system is obtained 
by introducing peroxides into the hydrocarbon to be oxidised (either by 
preliminary autoxidation or by dehberate addition of pure simple per- 
oxides) : ^e oxidation chains are Ihen initiated in one known way only 
and at a rate which is increased relativdy little by the subsequent oxida- 
tion. In comparing a series of phenols, we have therefore concentrated 
attention on measuring the diminution in oxidation rate resulting from their 
addition to rapidly-oxidising ethyl linoleate and methyl oleate. 

Esqperimental. 

Materials : i : 4-Naphthohydroqninone was prepared by reduction of 
1 : 4-naphthoquinone with SnCl^^ followed by recrystsdiisation from 

* Seconded by the Netherlands Indies Govt, to the B.R.F.R.A. 

* BoUand and ten Have, Trans Faraday Soc., 1947, 43, 201. 

* Egloff, Lowry, Moixell and Dryer, Ind. Eng. Chem., 1933, 35, 804, 

* Jen and Alyea, /. Amer. Chem. Soc., 1933, 55, 375. 

* Olcott, ibid., 1934, ®49a. 

* Bickofi, WUliama and Sparks, OU and Soap, 1944, 22, 128. 

* Sttllmaun, Hdv. Chim.Aaa, 1943, 36, xzz4. 

* Russig, J. praht. Chem., 1900, 32. 
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benzene. The remaining phenols were commercial products,! carefully 
purified by repeated crys^lisations. The methyl oleate was prepared 
(by Dr. D. A. Sutton) from olive oil ; before use it was purified by mole- 
cular distillation ® (at 65“ c.) and chromatographed on an alumina column. 

Oxidation rates were normally measured by the technique described 
in Part IV. In a few experiments where the measurement of very sTna.H 
initial rates of oxidation was required, a simple constant-volume apparatus 
similar to the Warburg manometer was used. Octoil was used as mano- 
metzic liquid. 

The Relative Efficiency of Phenolic Antioxidants. — ^Initial rates of 
oxidation of ethyl linoleate containing dibenzoyl peroxide or hnoleate 
hydroperoxide as oxidation initiator, and a phenol as inhibitor are col- 
lected in Table I. The kinetics of oxidation in presence of each of the 
phenols has not been studied in detail, though in each case the effect of 
antioxidant concentration has been sketched. The temperature used 
throughout was 45® c. and the oxygm pressure 30 mm. 


TABLE I. 




[AH]. 

jPeioKide.] 

R ^. 



Antioxidaat. 

Peroxide. 

(moles/mole ester) 

(moles Og/mole * 

K . 
















X ro* 

X 10* 

X 10*. 


Resorcinol 

Bz,0| 

4 -Z 4 

3-20 

2-30 

1*48 

XI6 


19-5 

2*6i 

2*09 

0'225 

108 



302 

2*69 

2-13 

0*020 


/3-Naphthol 


I7’0 

3*06 

2*26 

0 'I 35 

44*5 



81*4 

2*50 

2*04 

0'023 

43 

« 

^Methoxyphen^l 

If 

195 

1:86 

2 - 95 

3 - i 8 

2 '22 
2‘29 

O'OlO 

0-550 

19*4 


5*82 

2*8i 

2 'I 6 

0*152 

x8'6 



i6-o 

2-86 

2*i8 

0*060 

20*2 



25-7 

2-35 

1-99 

0*039 

25 

a-Naphthol 


2.36 

2-85 

2 'I 8 

0*118 

3-8 



14*0 

4 -II 

2*57 

0*029 

6*1 

Catechol . 

f f 

o-6z 

3-05 

2-25 

0*220 

2*65 



2-02 

2 '67 

2 'II 

0*064 

2*84 

Pyrogallol 


0-68 

2*98 

2-22 

0*080 

l*ZO 


1*98 

2-85 


0*029 

1*24 

Toluhydroquinone 

If 

0*46 

2-5Z 

2-04 

0*099 

1*10 



0*88 

2*56 

2’o6 

0*058 

1*20 

Hydroquinone . 


See Table 1 , Part IV. 

1*70 

* 


305-0 

3-02 

2-23 

0*010 

_ 


ROOH 

See Table II, Part IV. 


2-73 

Tri-methyl 


C’Sg 

177 

2-30 

0*032 

0*48 

hydroquinone 
z : 4-Naimthohydro- 

If 

3-65 

177 

2.30 

0*008 

0*5 

If 

0-77 

177 

2 '30 

0*005 

0*07 

quinone 








In Table I, and J?. are respectively the initial rates of oxidation 
in absence and in presence of an inhibitor concentration of [AH]. The 
initial rates of oxidation in presmice of hydroquinone were found experi- 
mentally * to conform to the relation 

T3 — V R*v . . 

• [RH][AH] • • * * 

t We axe indebted to Messrs. Roche Products Ltd., for the gift of a sample of 
tTimethylhydroquinone. 

* Farmer and Sutton. /. Soc. Chem, Ind., 1946. 65, 164. 
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where [RH] represents the linoleate concentration, and iiC is a constant, 
which is practically independent of whether the oxidation is initiated by 
dibenzoyl peroxide or ethyl linoleate peroxide. The form of this kinetic 
equation is consistent with the following reaction scheme : 


Initiation 

Propagation 

ROOH\ „ 

R 1- 0, -► RO,— 

R. 

. (Ra) 


RO,— -f RH ROOH + R— 

^8, 

■ (R3) 

Termination 

RO, AH ] stable 

A.. 

■ (R9) 


ROa f- RO, — / " products 

k,. , 

■ (R6) 


the reaction (R6) bein" only of importance when the antioxidant is absent. 
This kinetic analysis iaads to the relation 



( 2 ) 


Now Aq is undoubtedly the most direct quantitative measure of the chain- 
breaking efBLciency of an antioxidsint. Since and depend only on 
the structure of the olefin, the relative efiELciencies of a series of antioxidants, 
are given by the reciprocal of K — assuming that the mechanism by which 
the antioxidants act is in each case the same as for hydroquinone. While 
the assumption is not fully justified here, the data in Table I do indicate 
that the rate of oxidation is inversely proportional to [AH] in presence 
of at least 8 of the g phenols ; in the case of i : 4-naphthohydroquinone, 
experimental difiSculties outlined below precluded measurements over a 
range of [AH]. 


TABLE II 


Antiazidant. 

Relative 

Efficiency. 

(Sv 

(al Phenols — 



Resordnol. 

0-0 16 

I-I79 

/3-Naphthol 

0*077 

I -153 

^-Mothoxy-phenol 

0*170 

0*984 

a-Naphthol 

0*56 

0*933 

Pyrogallol 

3-0 

0*676 

(6) Hydroquinones — 



Catechol .... 

0*63 

o*8io 

Hydroquinone . 

1*00 

0*715 

Toluhynroquinone 

1-5 

0*653 

Trunethylhydroquinone 

1 : 4-Naphthohydroquinone . 

5-7 

40 

0*528 

0*482 


Values of K calculated from (i) and quoted in Table I have been em- 
ployed to calculate the chain-terminating efficiencies relative to that of 
hydhoquinone. These are listed in Table II. Allowance has been made 
for the- fact that whereas resorcinol and the 4 hydroquinones have two 
equivalent hydroxy groupings, the. remainder have only one reactive 
group (in the case of pyrogallol reaction will presumably involve the 
2-hydroxy group to the exclusion of the others). 

The ^ficiency of an antioxidant is intimacy related to its oxidisa- 
bility and accordingly attempts have been made to correlate anti(»ddant 
efficiency with the oxidation-reduction potential of the antioxidant. 
Thus, l^lofi, Lowry, Morrell and Dryer • examine the antioxidant efEect 
of a wide range of phenolic and amino compounds on gasolene, and found 
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as a general trend, that antioxidant ejB&clency increased -with diminishing 
oxidation-reduction potential. Elley® gives a set of figures relating the 
oxidation-reduction potential of a series of amines and aminophenols to 
their anti-ageing influence on vulcanwed rubber, though details of the 
method of measurement and conditions of test are lacking. The anti- 
oxidant efiiciency of the members of the series having critical oxidation- 
reduction potentials greater than o*8 v. increase regularly with decreasing 
potential, but reduction of critical oxidation-reduction potential to o-6 v. 
does not give any increase in eflB.ciency, while those amines having still 
lower potentials are .quite sharply less efficient. 

The results of these authors, obtained as they are on systems where the 
precise role of the 
antioxidant can- 
not be deter- 
mined, are sub- 
ject to extraneous 
complications, 
such as the vola- 
tility and direct 
oxidation of the 
antioxidant ; on 
the other hand 
we have here 
identified the 
chemical reaction 
from which anti- 
oxidant activity 
results^ (i.e. AH 
4- ROi — ) and 
estimated the 
efficiency with 
which each of our 
series of phenols 
reacts in this 
particular way. 

Now from Table II this efficiency increases progressively throughout the 
list of phenols arranged in order of diminishing normal oxidation-reduction 
potentials ; the regularity of this correlation throughout the range of oxida- 
tion-reduction potentials i'i5 to 0-60 v. is apparent from Fig. i where a 
continuous plot is obtained between log (relative efficiency) and the normal 
oxidation-reduction potential. Eg. 

The most obvious chemical interpretation of this quantitative de- 
pendence of antioxidant efficiency on the oxidisability of the antioxidant 
is that the termination reaction (R9) involves the transfer of a hydrogen 
atom from the antioxidant to the RO* — radical, i.e. 

AH - 1 - RO, »■ ROOH -h A—. 

The efficiency of this reaction as we pass from one phenolic antioxidant 
to another would, because of its exchange character, be controlled entirely 

by the heat of reaction of the dissociation AH -*■ A H — . In 

deciding whether normal oxidation-reduction potentials should in fact 
give a quantitative measure of the free energy change associated with the 
dissociation reaction (and, therefore, the heat of reaction since entropy 
changes wiU be little alt^ed by the identity of AH) difficulties are en- 
countered : in order to cover a sufficiently wide range of antioxidant 
efficiency it was necessary to study the eflect of examples of two distinct 
types of phenolic compound which difEer essentially in their electro- 
ch^cal behaviour. Thus Table II includes 5 hydroquinones, which 
give completd.y reversible oxidation-reduction systems with well-defined 

• Elley, Trans. Ehctrochem. Soc., 1933. <* 9 . 239. 
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quinones as the completely oxidised state, and also 5 phenols for which 
the normal oxidation-reduction pot^tial cannot be determined directly 
owing to the incomplete reversibility of the redox systems. Conant and 
Fieser “• have established that in the case of many phenols the 
following partly reversible system may be set up : 

AH + A + BH 

Slow 

Final Roducts 

where AH represents the phenol and B the oxidant of a suitable reversible 
oxidation-reduction system. They have introduced an experimental 
quantity, the " critical oxidation potential ", which gives a relative measure 
of the free energy change in the reversible step — and therefore of the re- 
action AH -► A 1- H ^when the concentration of A is very aTtiall 

Fieser has suggested a method of deriving the hypothetical normal 
oxidation-reduction potentials for these systems from the critical oxidation 
potentials and this has been adopted in compiling Table II : such cal- 
culations involve uncertainties on at least three counts, and while little 
absolute accuracy may be claimed for these normal oxidation-reduction 
potentials, they should give a reliable measure of the relative ease of 
removal of the phenolic hydrogen atom from a series of phenols. Direct 
determination of the nort^ oxidation-reduction potenti^ for the hydro- 
quinone-quinone systems gives immediately the overall free energy change 
associated with the reaction, e.g. 



This in turn gives a relative measure of the corresponding heats of re- 
action (AH) for a series of hydroquinones IE variations of entropy changes 
are neglected. There remains the problem of apportioning AH between 
the two successive steps 



HQ^ HO^ - + iH, 

AHj_ 

and 

HO^ 

AH, 


The relative values of AH, AH^ and AH| within a series of hydro- 
quinones win be determined by the difrerences in the resonance energies 
of the several hydroquinones, semiquiuones and quinones, which may be 
represented by E^, FgA^and Eq r^pectively. It may readily be tiiown 
that the necessary conmtion that AHj sho^d decrease as AH decreases 
as we pass from one hydroquinone to another is that AEq> AE^q, 
. AEgq> AEsq' consider a series of hydroquinones obtained by 

substitution of groups into the aromatic nucleus of the parent member, 
it becomes reasonable that such a relationship between AEgq and 

Fieser, J. Avmt. Chem. Soc., 1930, 5a, 5204. 

“ Fieser and Peters, ibid., igsr, 53, 793. 
u Conant and Fieser, ibid,, 1924, 46, 1858. 
u Conant and fieser, ibid., 1922, 44, 2480. 
i* Conant, Inter. Crit. Tables, 1928, 6, 333. 
u Conant, Chem. Reo., X929, 3, i. 

See also Geishinowitz, J. Chem. Physics, 1936, 4, 363. 
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AEq should exist : the introduction for instance of an " acid-weakening *' 
substituent (e.g. methyl) into an aromatic compound may be considered 
to have the ejffect of mcreasmg the importance of any ionic canonical forms 
which have a positive charge situated in the aromatic nucleus ; conversely, 
canomcal forms having negative charges in the aromatic nucleus are in 
this particular case of reduced importance. Since the ionic canonical 
forms of quinones are of the former type and those of the hydroquinones 
of the latter — ^with the semiquinones including examples of boUi tt’pes 
— it becomes likely that here AEq > AEgq > AEgq. The condition 
that AHi should decrease with decrease in Aii is thus apparently reason- 
able, and accordingly it may be expected that within series of hydro- 
quinones which are all substitutive derivatives of one member, the 
oxidation-reduction potential will give a relative measure of the ease of 
removal of a phenolic hydrogen atom.* It is, however, to be noted that 
if such a series of hydroquinones is extended to include hydroqumones 
containing difierent aromatic nuclei it is no longer admissible to apply 
the above simple argument. 

The regular manner in which chain-terminating efficiency increases 
with decrease in Eg (cf. Table II) within each of the two series (a) of 5 
phenols and (6) of the 3 hydroquinones, ^-benzo-, tolu- and trimethyl- 
hydroquinone, leaves no doubt that termination reaction (Rg) involves 
the rupture of the phenolic O — bond according to 

RO*— -f AH ROOH + A—. . . . (Rg) 

Two earlier investigations provide chemical evidence that an anti- 
oxidant may react by loss of hydrogen atoms ; Ziegler and Ewald 
showed that the product resulting from the interaction between hexa- 
phenjd ethane and oxj^en was the disubstituted peroxide (C,Hj)8C . 00 . 

while in presence of pyrogallol the sole product was the hydro- 
peroxide (C,H5)3 . COOH presumably formed by abstraction of a h3«irogen 
from the pyrogallol by the peroxide radical (CeH,)aC . OO — . Alyea and 
Backstrdm have demonstrated that alcohols which act as chain termin- 
ators in the oxidation of sodium sulphite are in the process converted to 
the corresponding aldehyde or ketone. 

The essential requirement of the mechanism of inhibition by hydro- 
quinone given earlier was the conversion of the chain carrier ROj — , to 
stable non-radical products. In the light of the chemical formulation of 
the interaction between RO* — and AH now possible we may with some 
confidence suggest the following two ways in which the production of stable 
molecules may be completed : 


8H0< ^ "y p ► -h 0.= 

HO''' ^O- + RO, f ROOH + O 



Branch and Calvin, The Theory of Organic Chemistry (Now York, 1941). 

* The work of Dimxoth ” is prol^bly of interest in this connection. A study 
of the rate of dehydrogenation of certain dihydro compounds by different members 
of a series of ^-benzoquinones showed that the rate of reaction increased 
smoothly with the nonnm oxidation-reduction potentials of the quinones, while 
in an example of the reverse type of reaction — ^I^tween hydroquinones and heza- 
nitroazobenzene — ^the rate diminished with increasing oxidation-reduction 
potential. 'While it is not possible to decide from Dimroth’s data the identity 
of the rate-determining steps it is not unlikely that it involves in each case the 
formation of the semiquinone from the quinone or hydroquinone. On this 
assumption it follows that for substitution in p-benzoquinone 

A£q ^ AEgq ^ A£bq. 

« Dimroth, Z. angew. Chern,, 1933, 

Ziegler and Eivald, AnnaUn, 1933, ^4i 162. 

*® Alyea and Bkckstrdm, J. Amer. Chem. Sac., 1929, 51, 90. 
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It is not possible to differentiate between these two possibilities on kinetic 
grounds. In the case o£ antioxidants where ready conversion to quinonoid 
forms is not possible, other reactions such as combination of A — radicals 
are probably important. 

The mechanism of the antioxidant action of phenols described above 
centres round the competition between antioxidant and hydrocarbon 
molecules for the chain carrier, RO, — according to (Rg) or (R3) respec- 
tively. A consideration of the thermochemistry of these two reactions, 
based on the set of consistent bond energies already detailed Hats led 
to the conclusion that for all examples of AH here concerned (a) reaction 
(Rg) is — like (R3) — exothermic and (6) it is unlikely that reaction (Rg) 
is in fact more exothennic than (R3). Now the two main factors which 
determine the energy of activation of exothermic reactions appears to 
be the heat of reaction and the degree of resonance stabilisation in the 
transition state and Evans and Warhurst •* have shown that in certain 
reactions at least the latter may be of predominant importance. It seems 
probable therefore that the deciding factor in malang the energy of 
activation of (Rg) smaller than that of (R3) is the resonance energy of the 
more highly S3nnmetrical transition complex of reaction (Rg) being greater 
than that associated with the transition complex of the competing reaction 
(R3). 


Limiting Factors to Antioxidant Efficiency. 

The dependence of the efficiency of the members of a series of phenolic 
antioxidants on the difference between the resonance energies of the 
A radical and the AH molecule (R,m) should hold only over a 

limited range since at both low and high values of (E^- — Ej^^) additional 
complicating reactions would be expected to appear. Thus if (E^- -Rah) 
is si^ciently small the possibility arises that the reaction 

A— -H RH AH + R— . . . (Rii) 

would become important. 

This reaction would obviously limit the efficiency of an antioxidant 
by replacing one oxidation chain carrier destroyed by reaction (Rg) with 
another. Looking at it in a qualitative way, it is apparent that whether 
this reaction will actually be important hinges on whether the minimum 
value of (Eji^ — E^) necessary for reaction (Rg) to occur, is less than the 
maximum vidue of (E^- — ^ab) consistent with the ready occurrence of 
reaction (Rii). The most obvious kinetic cons^uence of the intrusion 
of (Rii) is that the extrapolated oxidation chain length at infinite values 
of AH should be large. Measurements at high antioxidant concentrations 
(marked with asterisk in Table I) have been used to confirm that for all 
g phenols the extrapolated rates of oxidation at infinite [AH] correspond 
to chain lengths certainly not greater than a. In the case of ttxese phenols 
therefore reaction (Rix) may be left out of account. It may be noted that 
reaction (Rix) would be expected to be still less efficient in the case of 
other nonconjugated olefins, where the difference between E^ and E^ 
is invariably smaller. Preliminary examination of ;^-hydroxy-biphenyl 
as an antioxidant has, however, revealed that in the case of this particulm 
phenol reaction, (Rii) may be of importance, since here the oxidation chain- 
length extrapolated to infmite [AI^ is as high as xy (in presence of 2*2 
moles benzoyl peroxide/mole ester at 45° c.). 

A second limiting factor to th& ^ciency of an antioxidant should 
appear when (Ej^_ — E^) becomes sufficiently great : owing to the re- 

n BoUand and Gee, Trans, Faradw Soc., ig46, 43, 244. 

Evans and Warhurst, ibid., 1938, 34, 614. 

“ Evans, ibid., 1939, 35, 824. 
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suiting ease of dehydrogenation, molecnlar oxygen itself may attack the 
antioxidant, presumably according to 

AH + 0 , 1. HOi— + A—. 

Our series of phenols has been extended to include examples of suflSxjiently 
low oxidation-reduction potential for this effect to be appreciable. 

Readily -osddisable Phenols as Antioxidants. 

Egloff, Lowry, Morrell and Dryer * have drawn attention to the possi- 
bility that antioxidants of sufficiently low oxidation-reduction potential 
may themselves interact directly with ox3rgen under the test conditions. 
Induction periods measured under such circumstances naturally fail to 
reflect the chain-terminating efficiency of the antioxidants. Doubtless 
this is the explanation of the apparently poor antioxidant properties 
observed by EUey for amino-compounds of critical oxidation potential 
less than o-6 v. Under the mild temperature conditions used above the 
direct oxidation of hydroquinone was not appreciable, judging from the 
fact that the rate of remoA^ of hydroquinone from the oxidising linoleate 
was independent of oxygen pressure : when, however, trimethyl-hydro- 
quinone (Eq = 0-528 v.) and i : 4-naphthoh5^oquinone (Eq = 0-482 v.) 
were used as antioxidants, indications were obtained that their oxidisa- 
bility was sufficiently great to complicate matters. 

TABLE III. 


Anticzidaiit. 

[AH]. 

[ROOH]. 

p- 

(tmn.) 



*oc* 

(nun.) 

(moles/mole ester) 

(moles Ot/mole 
ester/mm, ) 

X 10-*. 

X 10 *. 

X 10 *. 

1 : 4-Naphtho- 

■■1 

Wm 

xo 

2-30 

0-006 

100 

hydroquinone 


WBSlm 

25 

2*30 

0-005 

50 




50 

2-30 

0-005 

32 

Hydroquinone . 

0-80 

mm 

50 1 

2-30 

0-2X0 

105 


In the first place these two hydroquinones react with dibenzoyl per- 
oxide in vacuo with the result that their concentration in the reaction 
mixture was diminished to an appreciable extent during the necessary 
period of evacuation prior to the introduction of oxygen into the apparatus. 
When, however, ethyl linoleate hydroperoxide is substituted for ffibenzoyl 
peroxide as chain initiator this difficulty is removed. Accordingly in 
cainying out the comparison of the antioxidant efficiency of trime^yl- 
hydroquinone and 1 : 4-naphthoh3rdroqninone with that cff hydroquinone 
their retarding effect on the rate of oxidation of ethyl linoleate containing 
1-7 % peroxiffic oxygen has been determined. Ilie results of 3 .such 
experiments with 1 : 4-naphthohydrQquinone are summarised in Table III. 
The times required for complete removal of antioxidant quoted (/oc) 
estimated from the time taken for the rate of oxidation to reach its original 
uninhibited rate, and undoubtedly are liable to some uncertainty. For 
comparison, the time required for the removal of hydroquinone under 
rathw similar experimented conditions is included. T^e figures demon- 
strate (a) that the i : 4-naphthohydroquinone is removed from the system 
more rapidly than, hydroquinone, and (&) that in contrast to hydro- 
quinone, the rate of remov^ definitely increases with increase in oxygen 
pressure. It is difiBcult to escape the conclusion that the antioxidant is 
itself destroyed by direct interaction with oxygen. 
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It has not been found practicable to measure the initial rates of 
oxidation over a wide range of i : 4-naphthohydroquinone concentration : 
at concentrations lower than those detailed in Table IV the rate of oxida- 
tion increases sufficiently rapidly with time to make extrapolation to 
zero time uncertain. The initial rates of oxidation observed with only 
0"8 X io“* mole i : 4-naphthohydroquinone/mole ester correspond to 
only a fractional chain length and are some 40 times smaller than the rate 
of oxidation in presence of the same concentration of hydroquinone. 
The estimate of the relative chain-terminating efficiency of i : 4-naphtho- 
hydroquinone based on the ratio and quoted in Table II must be treated 
as approximate, since when the apparent chain length of oxidation is 
of the order of unity its reliability must be questioned as secondary’ effects, 
such as the evolution of volatile products may be of comparable magnitude 
to the rate of oxygen uptake. 

The authors wish to express their thanks to Dr. G. Gee for his interest 
and advice during this work which forms part of the programme of funda- 
mental research undertaken by the Board of the British Rubber Producers’ 
Research Association. 


Summary. 

The effect of 10 phenolic antioxidants on the oxidation of ethyl linoleate has 
been investigated and the efficiencies with which they bring about the termina- 
tion of the oxidation chains (by interacting with ^0 peroxide-radical chain- 
carrier, ROj-) compared. The chain-terminating efficiency is shown to increase 
with decreasing oxidation-reduction potential (i.e. increasing oxidisability) of 
the antioxidant within two series of phenolic compounds, leading to the con- 
clusion that the chain-tcrmhiation reaction is RO,“ + AH -► ROOH -f A — 
(where AH represents the phenol) . 

It is demonstrated that in the case of a sufficiently oxidisable phenol (normal 
oxidation-reduction potential < ca. o*6 v.) destruction by direct reaction with 
oxygen becomes the most important factor in determining its practical utility 
as an antioxidant. 


R§sum6. 

L’effet de 40 antioxydants phdnoliques sur I’oxydation du linolfete d’dthylo 
a dtd dtudid et leurs capacitis respectives pour terminer les chalnes d'oxydation, 
compardes. Cette pxopiidtd augmente avec des potentiels d'oxydo-rMuction 
croissants de I'ontioxydant, pour deux sdries do composds phdnoliques, suggdrant 
ainai que la rdactlon de terminaison de chatno est : 

RO 4- AH -»■ ROOH -j- A (oh AH = phdnol). 

Quand le potentiel d'oxydo-rdd action du phdnol est infdrieur h 0‘6 v., le facteur 
dominant est la destruction par rdaction diiecte avec I’oxyghne. 


Zusammenfassung . 

. Die Wirknng von xo phenolischen Antioxydanten auf die Oxydation von 
Athyllinoleat -muile untersucht und ihxe Wirksamkeit fttr den Abbruch von 
Oxydationsketten vergUchen. Diese Wirksamkeit whehst mit znwachsendem 
Redoxpotential des Antioxydanten innerhalb von xwei Reihen von Phenol- 
verbindungenan, was daxanf hindeutet, dass der Kettenabbruch 

RO, 4-AH — ► ROOH -f A (AH = Phenol) 

ist. 'Weim das Redoxpotential des Phenols geringer als 0*6 v. ist, wird die Zer- 
atfinmg dnrch diiekte Re^detion mit SauerstoS der vorherrschende Faktor. 
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Dr. M. J. S. Dewar {Maidenhead) said : The point raised by Dr. Birch, 
concerning the different modes of Edition of reagents with differing re- 
acti\-ity to mesomeric systems is clearly of very great importance. His 
interpretation can be amplified somewhat as follows. 

Let us consider a definite example, the addition of a cation X+ to the 
pentadienate anion (I) 

1 2 3 4 6 

CH,=CH— CH— CH=CH, CH,— 

(I) (II) (III) 

Quantum mechanical calculation shorv's that in (I) the negative potential 
is greatest at Cj. Therefore collisions of X+ with C3 will be more frequent 
than with the other carbon atoms. The collision frequency' for edition 
of X'^ to Cj ■will therefore be greater than for terminal addition. 

The activation energies of the 
two reactions wiU, however, differ, 
since terminal addition gives a 
mesomeric butadiene derivative, 
central addition an unconjugated 
1 : 4-pentadiene. The energy rela- 
tionships are shown roughly in the 
figure, where the configuration of 
t^ sy^m is represented in terms of 
a suitable “ reaction-co-ordinate,*’ 
giving a section of the energy 
surface. Curve A represents the 
conversion of (I) to the uncon- 
jugated anion (11), where an elec- 
tron pair is localised on Cs ; cun^e 
B likewise the conversion of (I) to 
(III). Curve Xx represents the 
fission of CH,=CH— CHX. CH= 

CHj (IV) to X+ and (II) and 
curve Xg the fission of CH|= 

CH . CH=CH . CH,X (V) to X+ 
and (III). Thus the reaction of 
(I) with X+ to ^ve (IV) is repre- 
sented by the 1 ^ CDE, and its 
activation energy by the difference 

in ordinates between C and D ; and reaction to give (V) by CFG, and the 
activation energy by the difference in ordinates between D and F. The 
curves Yx, Y, represent likewise the reactions of a more active cation Y+ 
(i.e. one which reacts more exothermically with (I)). It is evident from 
the geometry of the figure that formation of Cg adducts (e.g. (IV)) will 
have a higher activation energy than formation of Cx adducts (e.g. (V)), 
but that the activation energy difference will decrease as the activity of 
the reagent increases. 

Hence it may well happen that for reagents of high activity, the 
activation energy difference is negligible, and the higher collision fre- 
quency leads to C, addition ; while in less active reagents the activation 
energy difference leads to Edition at Ci. This interpretation accords 
well with the effect of temperature on the mode of addition of inactive 
reagents, sommmised by Dr. Birch. 

Hus argument, appHed in a specific case, is clearly of general utility. 
The relative coUi^n frequencies fm: diftermt inodes of addition to a 
mesomeric nufiecule may 1 m affected not only by charge-charge or charge- 
dipole attractions, but also by differences in entropies of activation ; 
while the modes of reaction may be distinguished energetically not only 
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by resonance energy difEerences, but also by bond-energy or electron- 
affinity difierences. Thus in addition of cations to enolate ions, C-addition 
is energetically favoured since the ketone has a higher bond-energy sum 
than the corresponding enol, but since the charge in the enolate ion resides 
mainly on the oxygen, highly active cations (H+, acylpyiidinium) attack 
oxygen to give enolic deri\’atives. 

Dr. A. J. Birch {Oxford) {communicaied) : I should like to agree with 
this interpretation of Dr. Dewar. I believe the ideas to be generally valid 
for mesomeric anions, cations or radicals, and hope to discuss them in 
more detail elsewhere. I have chosen anions for illustrative purposes 
because they happen to be most easily dealt with in the present state of 
knowledge. 

Dr. W. A. Waters {Oxford) said : Our studies in Oxford of oxidations 
with chromic acid support Prof. Fieser's conclusion that oxygen uptake 
occurs only as a minor side-reaction. It seems that if free hydrocarbon 
radicals are formed then they must be attacked much more rapidly by 
CrOj than by oxygen. However, the initial point of attack on Prof. 
Fieser’s complex molecules often seems to be the pomt at which a radical 
would attack a hydrocarbon chain. 

Dr. A. J. Birch {Oxford) said : The description of a number of reactions 
in solution as " free-radical " is doubtful in that the radicals may some- 
times be far from “ free ”, but it can be used as an indication that m these 
cases transition states occur involving the transfer of an odd number 
of electrons. This seems to be so for “ substitutive ” oxidations by means 
of selenium dioxide, oxygen or chromic acid. Evidence for the formation 
of mesomeric intermediates can be gained from reactions like the oxida- 
tion of 4-methylcyclohexene-i.’^ ik this the three possible products 
obtained by addition of oxygen to both ends of the two possible mesomeric 
systems are obtained (cf. *). That such S3>Btems are sometimes not 
completely ” free ” is shown by the formation of the partially, but not 
completely, racemised products from optically active ^methene-i.*> * 



(Predominant) 


From known stereochemical relations it can be shown that the direction 
of rotation of the product corresponds to major addition of oxygen at the 
site of the original CHg group. 

It IS clear that in such cases the mesomeric system is not anionic, 
since the most acidic hydrogen is not the one xemo's^. In the oxidation 
of (I, R=C)CH, or NOj) to (II, R=OCH, or NOt) •• • reaction in both 
cases takes place para to the substituent, indicating that the initial transi- 
tion state is stabilised by either an electron-absorbing or -donating group. 
It must thmefore contain an odd number of electrons. 



1 Guillemonat, Ann. Chim., 1939, 11, 143. 

* Farmer, Koch and Sutton, J. Chem. Soc., 1943, 541. 

^ Tabutean, Compt. rend., X935, aoo, 244. 

* Blnmann and Zeitschel, Ber., 1914, 47, 2623. 

' Bumop, Elliott and Linstead, J. Chim. Soc., 1940, 730. 

* V. Braun, Annalen, 1927. 461, 40. 
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Dr. W. A. Waters [Oxford) said : The results of Dr. BoUand and Dr. 
ten Have give us a most valuable substantiation of the view that in liquid- 
phase autoxidation processes the radical R — O — O* is present in much 
higher concentrations than the hydrocarbon radical R*. it is the chemical 
properties of R — O — O* radicals which are significant in chain termin- 
ation. This work supports conclusions reached by Dr. 'A. Robertson 
an A myself ’ from the study of the autoxidation of tetralin, in which 
under conditions in which the chain-starting radicals are derived from 
the thermal breakdown of tetralin hydroperoxide, the chain termin- 
ating process seems to be R — O — O* -}- ‘OH -► R — OH -J- 0 „ and not 
R* 4- 'OH -► R— OH. Perhaps the reaction H — O — O* -1- ’OH -► H ,0 + O, 
should be included similarly, as one of the chain-terminating reactions 
involved in the full scheme of the catalase decomposition of hydrogen 
peroxide. 

’ J. Chem. Soc. (in press). 


D.— EXPERIMENTAL TECHNIQUE. 

AN EXPERIMENTAL METHOD FOR USE IN 
CHEMICAL KINETICS AND IN THE STUDY 
OF TRANSIENT INTERMEDIATES. 

By Brenda Stead, F. M. Page and K. G. Denbigh. 

Received 6 tk August, 1947. 

The method of investigating chemical kinetics by the strea ming of the 
reactants through a tube has been used extensively, and espmally in the 
hands of Hartiidge and Roughton, in the study of very rapid reactions. 
The advantage of the method is the attainment of a time-invariant state. 
The change in composition due to reaction is transferred to a space co- 
ordinate — ^the direction of flow — in place of the variation in time which 
occurs in the batch or static system. 

The type of continuous flow method described below does not seem to 
have been used previously in kinetic work, although it has a widespread 
use in chemical industry. It difiers essentially from the technique of 
Hartridge and Roughton in that the reaction space is a well-stirred 
chamber instead of a tube. The reaction S3mtem again approaches a 
stationary state, but it is uniform in composition throughout its volume, 
fLTiH does not vary from point to point, as in the streaming method. 

The reactant solutions are fed separately and continuously into a vessel 
which htyg appreciable volume and is thoroughly stirred. Reaction takes 
place in the vessel, and the product, together with unchanged reactants, 
are steadily discharged through an overflow. By the achievement of 
very efficient mixing, the composition is made uniform throughout the 
liquid phase and equal to that of the solution which passes out of the \'^ssel 
through the overflow. When the steady state is attained, an instantan^us 
analysis of the liquid in the vessel thei^ore corresponds to concentrations 
which are both stationary and uniform. The method thus combines some 
of the advantages of both streaming and static methods. Its essential 
requirement is that of flow through a well-stirred capacity. The term 
capacity flow may be used, to distinguish it from the streaming or tube 
flow method of Hartridge and Roughton. The theory of capacity-flow 
systems has been discus^ previously by one of the authors.^ 

1 Denbigh, Trans. Faraday Soc., 1944, 40, 35a. 
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As an experimental tcchflique the method seems hkely to be of par- 
ticular value in the study of complex reactions. For example, the con- 
centration of a transient intermediate can be held constant in the reaction 
vessel over an extended period of time, whereas in a static system its 
formation and decomposition might be complete in a period too short 
for investigation. The details of experimental procedure have been care- 
fully studied and, in particular, the conditions necessary to achieve 
constancy of the flow rates and a high degree of mixing. The present 
paper describes this work and also the testing of the accuracy of the method 
on a familiar reaction, the hydrolysis of ethyl acetate. Its field of useful- 
ness in chemical kinetics is discussed in the concluding section. 



Experlmentsd. 

Apparatus. — ^The main features of the apparatus, as finally developed, are 
shown in the figure. The reaction vessel, (a), of about 400 cc. capacitj-, was 
machined out of solid I’erspex and is in the form of a short horizontal cylmder. 
The two ends of the cylinder consibt of plane Perspex wmdows for use in the 

optical investigation of reaction 
intermediates. The vessel is 
stirred by means of a sjTichron- 
ous motor at 3000 r.p.m. and 
is supported in a thermostat. 
The reaction vessel in use is 
completely full of liquid, i.e. is 
without an air-liquid interface. 
The reasons for this are two- 
fold. In the first place, the 
presence of an interface gives 
rise to the development of waves 
and this causes irregpularity in 
the outflow from flie vessel. 
Secondly, the presence of a 
vortex causes uncertainty as to 
the true volume of the reaction 
space. 

Much difficulty has been ex- 

? 3rionced in preventing the inlet of air as it tends to creep down the stirrer shaft. 

his leaJj^e was finally prevented by the use of a centrifugal liquid seal {b). 
This consists of a small disc which is fixed to the shaft and rotates inside a cavity 
in the casing. A small amount of water placed in this cavity is acted on by the 
centrifugal force and is thrown outivards so that it forms a seal between the disc 
and the wall of the casing. This part of the apparatus and the stirrer 'were 
also made of Perspex, apart from a pair of ball bearings above the seal. 

The reactants are contained in two large aspirators (not shown in the diagram) 
and which operate as Manotte bottles. Each reactant is fed separately into the 
reaction vessel at two inlet points, (c), only one of which is shown. The re- 
actants are wanned to the tenrperaturo of the bath by passing through submerged 
coils, {d), each of which consists of about 130 cm. of thin-walled glass tubing. 
The solution passes out of the reaction vessel through the capillaxy overflow (e) 
and is run to drain, except during the tajbdng of samples. 

The rate of flow of the reactants is controlled by the capillaries (f) on each 
of the inflow pipes. In order to avoid syphoning, the capillartes are followed by 
the side arms (g) which communicate with the atmosphere. The rates of flow 
through the capillaries are thus determined by the constant difference in level 
of the solutions at two points which are both at atmospheric pressure — i.e. the 
point of inlet of air into the Maiiotte bot^ and the point (A) above the capil- 
laries. The driving force is ihus inde^ndent of momentaiy fluctuations of 
pressure in the reaction vessel. Even so, great difficulty was eiqierienced in 
mai-ntaining a sufficient degree of constancy in the rates of flow. This was traced 
to small variations in the viscosity of solutions in the length of tube between 
the a^irators and the heating coils. The laboratory was therefore held at a 
constant temperature and it was found possible to reduce the fluctuations in 
flow rate to 0*2 % or less, over periods of several hours' running of the apparatus. 

Efifidency of Mixing. — As described above, the theory of the method depends 
on the atta inm e n t of a high degree of homogeneity of the liquor in the reaction 
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vessel. The inflowing molecules of reactant must therefore be dispersed through- 
out the vessel in a time which is very short compared to the mean time of passage. 
Hxpeiimental work on the efficiency of mixing with various types of stirrer 
was earned out by a method depending on the rate of decolourisation of the 
starch-iodine complex. The addition to the blue solution of one drop of N./io 
thiosulphate was suffiaent to cause discharge of the colour and the required 
for this process was measured. The stirr^ which were exammed consisted of 

TABLE I. 


Atea* 

cm.*. 


I*I 

1*4 

2 - 5 

3- 6 

4 - 9 
6-1 


* The area quoted is that of the projection perpendicular to the plane of 
rotation. 

propellors, twisted at angles of 30° and 60°^ and flat paddles of various areas. 
It was found that the propellors were not more efficient thn-n the flat paddles 
and it appears, in fact, that the most important dimension of the stiner blade is 
the area which it exposes in the plane perpendicular to the plane of rotation.* 

The experi me ntal results ate shown in Table I and on the basis of this work 
it was decided to use a flat paddle stiner 3*8 cm. from tip to tip and i cm. wide. 
The speed of rotation of this stirrer in the reaction vessel is 3000 r.p.m. A rough 
extraixilation to this speed of the 

results of .Table I indicates that TABLE II 

dispersion of reagent in the re- 
action space sbonld be substan- 
tially complete in much less than 
a tenth of a second. 

The experiments on mixing 
described above were carried out 
under static conditions — ^i.e. of 
zero flow through the vessel. 

It was desirable to confirm the 
existence of good mixing tmder 
the actual conditions of flow as 
used in the continuous reaction 
apparatus as previously de- 
scribed. The method which was 
adopted depended essentially on 
the statistical distribution among 
the individual molecules of the 
time of passage through the re- 
action vessel. The law of this 
effect is easily derived,*! • and 
can be compared with experiment as a test of good mixing. 

The experiment aud its theory are as follows. Starting with the reaction 
vessel full of water, at a particular mo m en t , / o, a continuous flow of dilute 
XaOH solution was introdneed into it from one of the Maiiotta bottles. Samples 
of the outflow from the reaction vessel were collected at intervals of time up to 
< = 4^ hr., and were subsequently weighed and titrated. Now if the incoming 
NaOH solution had taken a particular chosen route across the reaction vessel, 

> Similar conclusions axe zeacbed by Asquith. CAsin. Trade /., 1945, 1 16, 
X07. Also White and Suimnerfozd, C^am, Met. Eng., 1936, 43, 370 ; and Hixson, 
Jfid. Eng. Chem., iqM, 36, 488. 

*M(Mu]lia and Weber, Trans. Anter. Inst. Chem. Eng., 1935, 3it 409. 



Relative Concentration in Ontflov. 


Theoieticfll. 

Observed. 

0 

0 

0 

3-3 

O-IOI 

0*098 

9-3 

0*259 

0*261 

ao-3 

0*480 

0*478 

37-3 

0*^9 

0*694 

66-3 

0*882 

0*879 

75*3 

0*911 

0*9^ 

93*3 

0*950 

0*950 

119*3 

0*978 

0*978 

178*3 

0-997 

0*993 

248*3 

0*999 

0*999 



Time for Discharge of Colour, Secoods. 


Stirrer Blade, 
3*8 cm. Dumeter. 


30“ propellor . 

60“ 

Paddle, 0-64 cm. tnde 

>. 0*95 

„ r*27 ,, 

.. 1-59 


I* 
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from inlet to outlet, the attainmont of a concentration in the outflow equal to 
that in the inflow would clearly have been very rapid. On the other hand, if 
mixing Avero perfect, the final concentration would be approached asjanptotically, 
by tlie progressive " dilution ’’ of the residual water in the vessel by the inflowing 
NaOH solution. The appropriate law is obtained as follows. Let u be the volu- 
metric rate of flow of solution and bo the concentration of alkali in the Mariotte 
bottle. The constant rate of inflow of alkali is therclore uxg (moles /sec.). At 
a particular moment, t, let the measured concentration in the outflow be x so 
that the corresponding rate of outflow is ux. It follo'w's that at this moment 
alkali is accumulating in the vessel at the rate (ux^—ux) (moles/sec.), or at a 
rate u(xo—x)/V per unit volume, where V is the volume of solution in t^ vessel. 
This is therefore the rate of increase of the internal concentration. According 
to the hypothesis of perfect tniviTig this concentration is uniform and is equal 
to X, the concentration in the outflow. 

Hence ^ - ») (i) 

or logo (i — r) = — utlV, . . . . (2) 

where r == xlx^, is the concentration in the outflow as a fraction of the inflow 
concentration. 

The theoretical values of r, as calculated from eqn. (3), are shown in the second 
column of Table II. and are in very good agreement wi& the experimental figures 
as shown in the third column. 

The reaction vessel in use in these experiments was not the cylindrical vessel 
described above, but was a spherical Pyrex vessel used in work on the rate of 
hydrolysis of ethyl acetate. This vessel had three flattened regions on its walls 
in order to prevent the liquid from rotating as a mass and thus to facilitate the 
mixing. Tl^ free volume was 602 cc. and the rate of flow of alkali solution was 
19*4 cc./nain. The nominal time of passage was thus 602/19*4 — 
Examination of Table II shows that tlm system was within about o*i **/o of the 
final steady state after 4 hr. running — i.e. after a period of time about 8 times 
greater than the time of passage. 


Test of the Method by Measurement of the Rate of Hydrolysis 

of Ethyl Acetate. 

It was desirable to test the suitability of the method /or the measurement of 
velocity constants and for this purpose the authors investigated the alkaline 
hydrolysis of ethyl acetate. A solution of re-purified A.R. ethyl acetate was 
contained in one of the Mariotte bottles and a solution of COg-fiee was 
contained in the other. All air entering the Mariotte bottles was freed from COg, 
as was also the air in contact with the solutions at the " breat^g " points, 
(g), in the diagram. 

The reaction vessel which was used in tliese e3q)eriments was the spherical 
Pyrex vessel described in the previous section. At the commencement of each 
exporiment the vessel contained distilled Avater only. Thi^ -was gradually ois- 
placcd by the flow of the two reactants and the progress of this displacement 
Avas followed by rough titrations of the out-flowing liquor. After several hours 
running of the apparatus, Avbeu it Avas eArident that the composition had attained 
constancy, a nmnber of careful analyses were made of the liquor leaAdng the 
capillary oA^rflow. For this purpose, samples of the liquor were collected in 
Aveighed Pyrex flasks which contained a very small excess of n./ioo HCl, in 
order to stop the reaction (hydrolysis by add is much slower thaw by alkali). 
During the collection of ea<h sample a slow stream of COg-free air Avas passed 
through the flasks. T h ese samples Avere quickly weighed and back-titrated 
with baryta until neutral to cresd-red. Weight titratums Avexe used throughout. 
Finally, when several such analyses had been made and were in agreement, tire 
rate of flow of the reaction liquor Avaa (tetermined by collection and. Aveiglrl^ of 
samples o-ver measured periods of time. The flow rate of each reactant Avas also 
measured separately. 

Let Xq and y, be the normality of alkali and of ethyl acetate respectively in 
the Mariotte bomes and let x and y be their normality in the reaction vessel at 
a particular moment t. Let u„ and be the flow rates (l./sec.) of the alkali 
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and ethyl acetate solutions respectively. Provided there is no volume change 
in the reaction, 4- = «, where tt is the rate of outflow from the reaction 
vessel. The constant rate of entr}* of hydroxyl ion into the reaction vessel is 
thus (g. ions/aec.). It is removed simultaneously by the two processes of 
chemical reaction and of mass-iransport in the outflow mg solution. The rate 
of the latter process, at the moment t, is tuc (g. ions /sec.). The rate of the chemical 
process is hxy g. ions of hydroxyl de.stroyed per sec. in each htro ot reaction 
space. In the whole volume, V, of the reaction space the rate of reaction is 
thus Vkxy (g. ions /sec.). The rate of accumulation of hydroxyl ion in the vessel 
is thus — ux — Vkxy. Dividing through by V, we obtain the rate of 
increase of concentration : 

dLif 

- ux) IV - hxy (3) 


(cf. eqn. (i)). 

As the sj'stem approaches the steady state the differential becomes negligibly 
small and hence in the limit 


(M^o - -^xy = o. . ' . . . (4) 

The corresponding mass balance equation for ethyl acetate is : 


(“.yo - «y)/F — kxy = o (5) 

The elimination of y between these equations gives the following expression for 
the velocity constant, k : 


— ux) 


(6) 


The capacity-flow system, at the steady state, thus allows of the evaluation of k 
b)* use of a simple equation which does not require to be Integrated. The im- 
portance of tiiis point in the study of complex reactions will be discussed in the 
concludmg section. 

For the purpose of analysing the errors in the method, elation (6) can be 
simplified by writing, as an approximation, = u, r= ul2. The equation then 
reduces to : 

h = *«(^o - 2X) 

Vx{y^ — x^-h2x) 


Errors in u and V clearly give rise to equal percentage errors in k. From 
the partial derivatives it is found that errors in Xg, y^ and x give rise to rather 
Imger errors in k ; however, by suitable choice of '&e variables the factor can 
be made not to exceed 2. 


TABLE III. 


Alkali. 

Normality of Food 
Solutions. 

Flow Ratos, 
1 ,/tec. 

Steady State System. 

*x 10* 
L/g.mole./ 
lec. 

Alkali, 
*oX 10*. 

EtAc, 
yo X 10*. 

9H 

Bi 

XX 10*. 

Ionic 
String th. 

NaOH 

I-2 o 8 

4*62 

3*12 

3-14 

0*198 

o*oo6o 

11*0 

Ba(OH)a 

0*511 

3-94 

3-18 

3*32 

0*0917 

0*0038 

10*1 

» 

0*587 

3-89 

3*22 

3-32 

0*1094 

0*0043 

g.y 

»* * 

0*767 

3*88 

3*91 

3-34 

0*1268 

0*0053 

10*2 

" 

0*965 

10*40 

3 *iS 

3-33 

o*o866 

0*0071 

9*8 


The results of five determinationa of k at 25*0° c. are given in Table III. 
The first of these was obtained using caustic soda as the alkali and the value 
for k, iz-o X lo-*, is in good agreement with the value of to *8 x io“* which 
was obtained in classical researches of Reicher,* Warder” and Walker.” 

” Reicher, Annaletl, 1885, 257 ; 1885, 33a, 103. 

* Warder, Amer. Chem, J., i88r, 3, 340. 

• Walker, Proc. Roy. Soc. A, 1906, 157. 
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For the rem ain der of the measurements it was found more convenient to use 
baryta and the mean value of the results is lO'O x iO““, which is 8 lower 
than for NaOH. This value cannot be compared immediately with the literature 
as there has been no accurate measurement with baryta at the same temperature. 
However, in his detailed comparison of various bases at 9-4“ c., Reicher found h 
for bar3da to be 7 lower than for NaOH. It is concluded that the capacity- 
flow method will give velocity constants which are correct to within 1-2 


Applications of the Method. 

From the work described it may be concluded that the method is 
suitable for use in reaction kinetics and is capable of further refinement. 
The only important limitations to its use are : (a) fairly large quantities 
of reagents are required ; (6) the procedure is rather slow. Thus each 
experiment gives only a single item of information and not a number, 
as when a series of measurements are made during the course of a run 
by the static method. The' method is thus not very suitable for exploratory 
work on a reaction of tmknown mechanism. Its main value will be found 
in; cases where the classical methods are difficult in application and where 
special use can be made of its essential properties. These depend on the 
attainment of a steady state and on the fact that reaction takes place 
in a system of uniform concentration which is diluted by its own reaction 
product. In place of a continuous change of composition there is a step- 
wise change ^tween the composition of the inflowing reactants and of 
the reaction system itself, The latter is both constant in time and uniform 
in space. There is always, of course, a proportion of unchanged reactants 
in the outflow from the vessel. Loss of reactants is only avoided by using 
a number of such vessels in series, so that there is a stepwise change in 
composition from one to the next. In kinetic studies this incompleteness 
of reaction is not important. 

The uses of the method, as they appear at present, maybe summarised 
as follows. 

(a) Reaction can be studied under entirely constant conditions, for 
example, of catalyst or free-radical concentration, or of ionic stren^h,* 
and at any chosen stage of the reaction process. 

(fi) Mathematical ai^ysis of the reaction kinetics can be carried through 
in cases which are intractable when reaction is carried out in a static 
system. 

(c) The method can be used for the measurement of reaction rates 
which are too fast for investigation by a static method but which are too 
slow for convenient application of the Hartridge and Houghton technique. 

[d) The method aUowrs of the investigation, by physical methods, of 
transient reaction intermediates. 

'With regard to the second point above, it is to be noted that the steady 
state requires only algebraic equations for its description, as has been 
shewn for the simple case of ethyl acetate hydrolysis. In a static system, 
on the other hand, there is a process of continuous change and this requires 
for its description the use of difierentials. (The same applies also to the 
case of flow through a tube.) In the case simple reac^ons the difler- 
ential equations of a static system are, of course, easy to solve and the 
present method offers no advantage. Considerable mathematical ad- 
vantage is obtained, however, in the case of complex reactions, especially 
those consisting of successive stej^, such as the saponifleation of poly- 
esters. This point will be developed in a forthcoming publication on the 

* Variation of ionic strength, during the course of a reaction in a static system, 
presents a serious difficulty in the interpretation of results, as Scatchard * has 
shown. The authors are indebted to Dr. Moelwyn-Hughes for pointing out the 
advantages of the continuous reaction system, in this req>ect. 

* Scatchard, /. Amor. Cham. Soc., 1930, 5a, 52. 
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theory of continuous polymerisation, wlxere it is shown that the mathe- 
matical anal^nis can be carried much further than is possible for a static 
system. 

An interesting application is the study of labile molecules, especially 
when the formation and breakdown are too rapid for measurement by 
the usual methods. An example which is being studied at present is 
the complex formed during the reaction of ferric salts and sodium thio- 
sulphate. When solutions of these reagents are mixed a violet-coloured 
su'tetance is immediately formed and disappears again within 1-2 min. 
Its formula has been variously reported as FeSiO*+, Fej(S203)3 and 
Fe(SiO',)j“. The difficulty which is experienced in the study of this com- 
plex by traditional methods is the spe^ of its breakdown, except imder 
conditions of very high dilution or of low temperature.® The reaction 
is also greatly catalysed by traces of cupric ions. 

In the present work solutions of the two reagents are fed continuously 
into the reaction vessel, as described above. After some hours’ running 
the concentration of the complex reaches a stationary value and at this 
stage the colour intensity is measured by passing through the reaction 
vessel a beam of monochromatic light wMch is received on a photocell. 
The absorption coefficient of the complex is, of course, unknown, but 
from the extent of the light-absorption it is possible to obtain relative 
values of the concentration of the complex in different experiments. 
These relative values can then be rdated to the corresponding stationary 
concentrations of the reagents. These concentrations are determined by 
taking samples of the outflow from the reaction vessel and rapidly 
quenching the reaction in a plu^phate-acetate solution, followed by 
iodimetric titration. 

The work is not yet sufficiently fax advanced to be reported in detail. 
The example shows, however, how it is possible to maintain a uniform 
concentration of a labile molecule and in a volume of sufficient thickness 
for tile application of optical methods. The usefulness of the t3q)e of 
flow system which has bem described will largely depend on such applica^ 
tions of its special properties of spatial and temporal invariance. 

In conclusion we wish to express our indebtedness to Mr. W. T. Moore, 
and the engineering staff of tiiis laboratory, for assistance in the con- 
struction of apparatus. 

Note added in proof. Dr. Szwarc has pointed out to the authors that 
Bodenstem and Wolg^ (Z. physih. Chem., 1908, 61 , 422) have previously 
considered a rather similar type of continuous flow-system in which there 
is approximate homogeneity -tiuroughout a reaction vessel due to diflhision 
being assumed more rapid than chemical reaction. Bodenstein and 
Wolgast do not apply high speed stirring as in the present method. 


Summary. 

The paper describes a new experimental method for use in chemical kinetics. 
In principle it depends on the setting-up of uniform and stationary concentrations 
in a well-stirred vessel throngh which there is a continuous flow of the reagents. 
The method is well adapted to the examination, by physical methods, of labile 
reaction intermediates. 


R68um6. 

Cet article ddciit rme nouvelle mdthode eiro^imentale, qn'on pent employer 
en cindtique chimiqne. En prindpe, elie d^iend de I'dtabliss^nent de con- 
centraiions uniformea et stationhimes dan nn milieu bien agitd, dans lequel 
on fait passer nn conrant contmn des rdactiis. EUe est bien si^ptdd k I’dtnde, 
par des mdthodes physiques, des intennddiaires labiles des reactions. 

® Uri, J. Chem. Soe., 1947, 335- 
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Zusammenfassung . 

Der Artikcl beschroibt cine neue experimcntellc Methodo ztir Anwendung 
in der chemischon Kmetik. FrinzipicU bestcht diese darin, dass man in einem 
gut gorbhrten Gefkss, dutch das die Reagenzien fortwiihrend diessen, einheit- 
lichc und station&xe Konzentrationen anfrechterh&lt. Die Methods eignet sich 
gut zur Untorsuchung von labilon Reahtionszwischenprodukten auf physi^- 
lischcm Wege. 


Imperial Chemical Industries Ltd., 
Butterwich Research Laboratories, 
The Frythe, 

Welwyn, Herts. 


GENERAL DISCUSSION. 

Dr. W. A. Waters {Oxford) said : In summarising the trend of the 
discussion 1 would say that it has been made quite obvious that we are 
concerned with a subject of very active scientific interest, in which, as 
yet, we are able to put forward more speculative theories than conclusions 
which we have be^ able to confirm experimentally. The reactions of 
free hydroxyl have concerned us greatly, but we have had a most valuable 
reminder from Dr. Minkofi that we should not attempt to explain all the 
reactions of hydrogen peroxide and its analogues by means of free radicals. 
Dr. Dewar too has stressed the point that we cannot yet be sure of the 
free-radical mechanism for all cas^ of glycol splittiag, 

The discussion of Dr. Bawn's paper indicated to us that free methyl 
and free phenyl might have appreciably different chemical properties, 
and we have had hints that in the decompositions of the metallic alkyls, 
at least, the actual process of bond rupture was not quite clear. We mi^t 
have chemical reactions taking place upon the decomposition of a mole- 
cule in which a covalence had " degenerated " somewhat, but had not 
broken down completely to " free ” radicals. 

The points rais^ by Prof. Ubbelohde have been most valuable. Qearly 
solvation, and the formation of complexes from ions such as Fe’H-, and 
other electron-transfor agents, must be taken into consideration. As 
Prof. Evans has pointed out all changes of this type are quantitatively 
dependent upon the oxidation-reduction potentials of the systems involved, 
and this is obviously influenced by the exact environments of our reactant 
ions, molecules and free radicals. To elucidate our reaction-mechanisms 
more clearly we need to know more about the difference in the energy levels 
of o\ir initial and transition states. In this connection Dr. Birch's survey 
of reductions is important as it has shown us that in predicting chemiced 
reactivity we must take into consideration not only the structures of our 
starting materials, but also the resonance states of the Edtemative possible 
resultant molecules, ions cxr transition complexes. 

It has interested me to find that a number of contributors to the dis- 
cussion have commented on possible biological implications of this new field 
of chemistry. Though we are still far from the stage at which we can 
give much help to biochemists it is interesting to note that the continuous- 
flow system which has been described by Dr. Denbigh is very lUce that of 
a living cdl into which reactants diffuse, and from which products escape. 
As Dr. Denbigh has told us, these are the conditions und^ which we can 
maintain the continuing existence of labile molecules of all types. 

Dr. K. G. Denbigh (Weheyn) (communicated) : In r^ly to Dr. Waters, a 
l^per on the general theory of steady states, and some biol(^cal applica- 
tions, was at present in process of publication by the Society. 
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It has now been well established that, in a large number of cases, the 
polymerisation of ethylemc compounds follows the general scheme ; 


1. Radical producing reaction C R. 

II. R + CH,=CH R . CH, . CH— 

i i 

III. R . CH,— CH -h CH,=CH R . CH, . CH— CH, . CH- 

i i k k 


*1 

A. 

A, 



Studies of the kinetics of polymerisation reactions are of importance in 
a survey of free-radical reactions of the radical character of all the above 
steps. The initiation of polymerisation may be used as evidence of the 
production of free radicals in step I. The velocity constants of steps II 
and III would yield information about the reactivity of radicals and of 
ethylenic double bonds, and investigation of the values of veloaty con- 
stants of III and rV during the course of polymerisation would tell us 
whether the reactivity of large radicals was independent of the chain 
length. 


Relative Reactivity of Radicals and Monomers. 

Such a reaction scheme as that set out above would lead, on the as- 
sumption that ftp and are independent of chain length, to the expression 
for the rate of polymerisation 



and even if an independent determination of ki is possible, measurement of 
the rate of polymerisation yield values of hpj V kt and thus by such methods 
it is only possible to compare under the same conditions, different monomers 

and obtain relative values of (A,/ V^)„/(A,/ VT*),. 

In copolymerisation reactions the growing end of a polymer chain may 
be a radmal of type Ri arising from monomer Mi or a radical R, arising 
from monomer M,. These radicals may each react in tivo ways, viz. : 



Rj + Ml 
Ri ’i" M, 

Ra + Mil ^ 

Rj + M, 



All 

^11 

A„ 
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From an investigation ^ of the composition of the copolymers prtxiuced 
under different conditions of and M, the values of Au/Ax, and Au/A« 
can be obtained. In other words one can determine the relative reactivity 
of a radical towards different monomers. A discussion of the results of 
such studies forms a large part of this section. 



Fig. io. — E nergy 
contour diagram 
for reaction. 
CH, . . . CHj -► 
CH3— CH,— CH,— 
E = 5-1 kcal. 


It is to be noted that in all these reactions the activation energy is 
small round about 5 
kcal. per mole, and 
hence big changes in 
vdodty constants and 
in relative reactivities 
will be brought about 
by small changes in the 
activation energy. One 
has in these measure- 
ments, therefore, a very 
sensitive index of re- 
activity and of the 
factors influencing it. 

Price ‘and AJfrey • 
have described the re- 
activity of radicals and 
monomers in terms of 
two factors : (r) a factor 
Q related to the general 
reactivity of the mono- 
mer molecule and the 
other a factor describing the charge distribution on the attacking radical 
and the monomer. Thus lor the velocity constants and Au 



Ftg. xb. 


^/^is 


Qi exp {— e^^e^JrPRT) _ 
Q, exp {— e^^^IrDRT) 


|iexp{- - ejt^IrDRT) 


in which and «hi are the electronic charges on the reacting centres 

of the attacking radical and the two monomers respectively. One might 
associate Q with the resonance energies of the radicals and the monomer 
molecules. In certain reactions, however, it is dear that factors o^er 
than those rnduded in the treatment of Alfrey and Price do come into 
play. And thia seems to be especially true in reactions such as that be- 
tween stjrrene and malftir. anhydride in which alternating addition occurs. 

A method of representing tiae energy changes accompanying the attack 
of a radical on a double bond is shown in Fig. 16. Here the potential 
energy is plotted as a function of co-ordinate 


iMayo and Lewis, J. Amer. Cham. Soc., 1944, 66 , 1594- Mayo, Lewis and 
Hulae, iUd., 1945, 67, 1701. ‘Wall, U>id., 1944, 60, 2050. Alfrey and Gddflnger, 
J. Cham. Physics, 194^, la, 205. , 

■Price and Alfrey, /. Polymer Sei., 1947» a? ^oi. Price, ibid., I94^» ®3- 
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/ / \ / 1 \ 

> <— »'fs— > 

and is derived from the complete potential energy surface shown in Fig. 
la* by taking a section along the line PQ. 

Curve a represents 
the repulsion energy be- 
tween the centres i and 
2 and Curve b the bond 
extension energy of the 
single bond in the final 
state between the centres 
I and 2.' The true po- 
tential energy curve 
differs from those repre- 
senting the bond assign- 
ments of initial and the 
fitifll states by the reson- 
ance energy of configura- 
tions in the neighbour- 
hood of the crossing 
point. Fig. ic and rd 
represent ^e inffuences 
of changes in the heat 
of reaction and changes 
in the character of &e 
repulsion curve on the energy of the crossing point, and if we assume that 
these changes have little influence' on the value of the resonance energy at the 
crossing point, then such changes will influence directly the activation energy. 

In a reaction of ^e 
type 

A + M -► F 

in which A is the attack- 
ing radical and F the 
radical formed, the heat 
of reaction can be split 
up into the following 
terms : 

— -Do _ 0 H- £>0 _ 0 

in which Fj^is the reson- 
ance energy of the at- 
tacking radical, Rji that 
of the monomer mole- 
cule and Rji that of the 
radical formed. Changes 
in the activation energy 
accampaD3^ing changesr 
in the heat of reaction 

will on the above assumptions be given by 

AE — oAH — a.{Rx + Rji — Rjt) 

In which a is a factor less than unity .f 

* This potential energy surface was calculated by C. E. Seaman usiog the 
bond eigen-function method (Thasis (Leeds University, X941)). This work has 
recently been extended by J. Gergely and the resnlts are shortly to be pnblished. 

t For the sodinm-flmne reaction ffie value of a 0*3 (Polanyi and 
Warhurst). 



Fig. id. 



Fig. ic. 
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We feel this leads to an important principle in the theory of copoly- 
merisation. If, for example, we consider the relative velocities of two 
copolymerisation steps, both involving the same growing radical, but 
ditfcrent monomer molecules, 

Ai -}- Ml -► Fj 

Ax + Mt Fj 

then on the basis of the above argument the ratio of the rale constants, 
governed by the difference in the activation energy for the two steps, will be 

— ®xp {( -Ell + Eit)/RT} = exp — a{(RKi — 

We would suggest that the term Q defined by Price and Alfrey as a measure 
of the general reactivity of the monomer is to be understood in these terms. 

It is interesting to note that a comparison of the rates of polymerisation 
of ^parate monomers does not lead to such important information about 
the properties of the free radicals involved. Thus a comparison of the 
velocity constants for the following reactions 

■ Ax + Mx - Fx{= Ax) 

^ Aj “b Mj -*■ Fx(ffl Aj) 

leads to 

— exp — i?jx,)/l?T*, 

in which only the resonance energy of the monomer molecule is involved. 

The second factor influencing the activation energy of polymerisation 
steps and hence the relative rates in copolymerisation, is the character of 
the repulsion curve, see Fig. id. Eyring and Ri * have shown how the 
charge distribution on the centres involved in the reaction may influence 
the activation energy in the case of the nitration of substituted benzene, 
and we can apply the same method here to the influence of charge dis- 
tribution on the attacking radical and the monomer. Changes in the 
charge distribution on the reacting centres will influence the d^xacter of 
the repulsion curve in Fig. ic. It is unfortunate that our precise knowledge 
of the magnitudes of these differences in charge distribution is at present 
very scanty, but at the same time, it is important to note that the results 
from copolymerisation seem to be in keeping with the general effects of 
charge distribution which manifest themselves in general organic reactions. 
In tMs connection it is interesting to note that the same relationship which 
Hammett * found to apply to the influence of substituents in the benzene 
ring on the diMOciation of constants of acids, the velocity constants for 
hy^olysis of esters and related reactions, is found by Walling and Mayo 
to apply to the relative reactivity of substituted styrenes towards tiie 
styrene radical. A more precise treatment must await a deeper under- 
standing of the influence of sulMtituents on the electron density of nei^- 
bouring centres. A line of approach to this problem which is heang farther 
explor^ is that developed by Pauling and Wheland ‘ in their study of the 
dimetive effects of substituents in the benzene zing used by Evans and 
Warhuist * in an attempt to understand the influence of substituents on 
the activation energies of the Diels-Alder reaction. 

Another factor influencmg the repulsion curve, which cannot be over- 
looked, in any such treatment of copolymerisation is the steric repulsion 
between groups not entering directly into the reaction. That this may, in 
certain cases, become a major fector is very well illustrated by the effect 

’ Eyring and Ei, J. Chem. Physics, 1940, 8, 433. 

‘Hanunett, Physical Organic Chemistry (McQraw Hill Book Co. Inc., New 
York, 1940}, 

• Fauling and Wheland, J. Amer. Chem. Soc., 1935, 57, 2091. 

' Evans and Waxhuxst, Trans. Faraday Soc., 1938, 34, 614. 
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of substituents X and Y in 


/X 

compounds of the type CHi=C^ on the 


heat of polymerisation, as for example in the case of isobutyene,’ methvl 
methacrylate and other methacrylic esters.* 

In the above qualitative treatment it has been assumed, in order to 
isolate the influences of the heat of reaction and the character of re- 
pulsion curve, that changes in the resonance energy in the transition state 
accompanying changes in the radicals and monomers, are small, a.Ti(l that 
the major changes are those affecting the energy of the crossing point. 
This will not Eilways be the case and in some reactions the changes in 
resonance energy in the transition state accompanying changes in stmcture 
may well be the determining factor. The importance of a high resonance 
energy in the transition state has been emphasised in a discussion on the 
low activation energies of Diels- Alder • reactions, and the influence of 
negative groups on the rate of sodium-flame reactions has bera* ex- 
plained by the additional resonance energy arising from an increase in the 
possible number of electron assignments in the transition state. Walling 
and IVlayo introduce a very similar idea in their discussion of alternating 
polymerisation. 


The Absolute Velocity Constants of Radical Polymerisation 
Steps. 

We have pointed out that the kinetic treatment of polymerisation 
in the cases of radical initiation does not aflord a method of determining 
the absolute values of the velocity constants A, and A*, nor does it enable 
one to decide whether these constants are dependent or not on the length 
of the growing- or termination-polymer ch?^. In the case of photo- 
initiated poljrmerisation, however, SfelvUle and Bartlett have shown 
that by using the rotating sector method it is possible to measure the life- 
time of the growing chains and to determine the individual values of Ap 
and A*. For the case of liquid vinyl acetate Melville obtained the follow- 
ing results : 


A, ( 1 . mol.-^ sec.-i) 

7*7 y 10* 

0*7 X 10* 

Eg, — 4*4 kcal./mole A, = i*65 X 10' 



l.g. nlol.-^ sec.-’. 

if (1. mol.-^ sec."^ 

3*1 X 10* 

2-5 X 10* 

Ef=‘ 0 

Chain length 

174 

339 



These results show the following features. 

1. The activation energy for the addition of a monomer molecule to 
a growing radical chain is about 5 kcaJ. per mole. This activation energy 
is similar to that obtained for rascal and atom reactions in the gas phase 
and is in keeping with the theoretical picture of such reactions. 

2. The chain-termination reaction apparently requires no activation, 
a result which may wdl point to the conclusion that the termination step 
invoh'es the dimerisation of two radicals rather than a dismutation, lor 

T Evans and Polanyi, Nature, 1943, 152, 738. 

* Boxendale, Evans, McLeavy and Feamley (unpublished results). 

• Evans, Trans. Faraday Soc., 1939, 35, 824. Evans and WarHurst, ibid., 
1938. 34. 614. 

Evans and Polanyi, Nature, 1941, 14S, 436. 

Burnett and Melvifle, ibid., 1945, 156, 661 ; Proc. Roy. Soe.A, 1947, 189, 436. 

Bartlett and Swain, J. Atner. Chew. Soc., 1943, 2273. Nozaki and 

Bartlett, ibid., 1946, 68, 2377. 
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one miglit expect the dismutation reaction, which involves the transfer of 
a hydrogen atom, to have a small activation energy. Melville, however, 
condndes from the kinetics, that termination is not radical dimerisation. 

We should only expect a radical-dimerisation termination to occur with 
no activation energy and a temperature-independent factor independent 
of chain length under conditions where the difiusion of the growing polymer 
chains is not a rate-determining step. Under conditions of high viscosity 
it may well happen that this process does become rate determining when 
the termination process would show an activation energy related to that 
for viscous flow and the temperature-independent factor would become 
dependent upon chain length in the same way as does viscosity. 

3. The velocity constants of both propagation and termination appear 
to independent of chain lengths. If this eflect is found to be common to 
such reactions, a great simplification can be introduced into the kinetic 
treatment. 

4. The temperature-independent factor for chain growth is much 
smaller than that for chain termination. It might be possible to under- 
stand the relatively small temperature-indepmdent factor for chain 
growth in terms of ilie restriction in the motion of the mondmer molecule 
when it passes from the free state to Uiat of a unit in the polymer chain. 

Bamford and Dewar have used this same method in a study of the 
photo-ixdtiated polymerisation of styrene and methyl methacrylate. 
They employ, for the analysis of their results, a more complicated kinetic 
sch^e. They do find, however, the same general features, namely, a low 
temperature-independent factor for the chain propagation step and activa- 
tion energy of tlm order of 6 kcal. per mole. A new feature in the case 
of styrene, which they attribute to the low reactivity of the styrene 
radicals, is the small activation energy of 3 kcal. for the termination reaction. 

Chain-transfer and Chain- termination Reactions. 

Cheiin-transfer reactions occur by steps of the tyx)e 

CH,— -f- XS -► CH,X + S- Aax 

S h CHf=CH, -► S—CH,— CH^ hn 

We thus see that two separate processes are involved, one the transfer 

of the centre X to the 
growing free radical and 
secondly, the reinitiation 
of polymerisation by the 
new radical S produced 
in the first step. If all 
the new radicals S are 
used in restarting chains 
then Mayo “ has shown 
that a simple relation- 
ship exists between the 
degree of poljanerisation 
P and the chain-transfer 
coefi^cient C 

I CpX] I 

P [M] 

in which C is the ratio 
of the velocity constant 
for the reaction 

^ CHr- + XS CH,X + S— ftgx 

» Mayo, J. Attur. Chem. Soc., 1943, 65, 2334. 



Fig. 2a. 
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and that for the reaction 

— CH,— + M CH,— A, 

and Po is the degree of polymerisation in the absence of the chain-transfer 
agent. 

The chain-transfer coefficient is thus a comparison of the reactivity 
of the growing polymer chain for reaction with the compound SX with 
that of the chain growth step. By using a variety of chain-transfer agents 
SX in the same pol3anerising system, it is thus possible to compare the 
relative rates of ^p above. 

In terms of potential energy curves we can represent the reaction 
— R— X— S — R X . — S 

<. . .. f .. .> < ., 

in terms of the co-ordinate r. This is shown in Fig. 2a. Point I represents 
the energy of the initial bond assignment, I' the energy of the system when 
the radical R has ap- 
proached to within the 
critical reaction distance 
of the centre X. Curve 
a shows the energy of 
extension of the SX bond 
and curve b the repul- 
sion energy between the 
centre S and the mole- 
cule RX. Point F ' de- 
notes the energy of the 
S3rstem in its final state. 

We can express in terms 
of this diagram the in- 
fluence which changes 
in S will have on tbe 
activation energy of the 
transfer process, and it 
is seen in Fig. 2b that 
changes in S which de- 
crease the bond strength 
will decrease the activation energy of the transfer process. In this con- 
nection it is interesting to enumerate the changes which workers have found 
to increase the efficiency of chain transfer. Mayo has shown that in- 
cieasing substitution on a carbon centre increases the reactivity of the 
hydrogens' on that centre for reaction in the chain-transfer process. This 
is shown by a comparison of toluene, ethyl benzene and isopropyl benzene. 
This sequence is in keeping with the changes in bond strength of carbon 
halogen bonds found by Polanyi “ and bis co-workers in the series methyl, 
ethyl, isopropyl, terffiutyl. And the comparison of toluene, diphenyl 
methane, tiiph^yl methane and pentaphenyl ethane also form an inter- 
esting series, in which it is clear that the increasing resonance energy of 
the nidical S leading to a decrease in the energy of dissociation of the 
compound SX brings about a greatly increased ^dency in chain transfer 
(see Table I). 

The work reported by Melville and Burnett, and by Bamford and 
Dewar, shows that the efficiency of halogen containing compounds in 
reaction kgx above, follows a sequence which in other reactions has like- 
wise been attribute to a decrease in the bond strength (see Table II). 

One would expect, however, that changes in the character of S which 
lead to big decreases in the bond strength SX by stabiUsation of the radical 
S would, while increasing the efficiency of reaction kgxf decrease the rate of 

” Iteughan and Polanyi, Nature, 1940, 146, 685. 
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the reinitiation reaction k„. Thus, while we might expect the activation 
energy of the first step to be given by 

1£ = {Ef — 

that of the second step would be given by 

E = (E^ + 

TABLE I. 


Compound 

C,H,CHg— H 

CH,. 

XH—H 

c.h/ 

CH3. 

CHa-^C—H 

c.h/ 

C. Chain transfer coeffiaent x 10" 

1-25 

6-7 

8*3 

Compound . . . • • 

CH,CHr-H 

CHr. 

XH— H 

qxl/ 

CIV 

CH,-^C— H 
CH/ 

Bond strength * i)a_n kcal /mole . 

96-4 

gi-o 

86-g 


Compound . . . . 

CaH,CHr-H 

(CaH,),CH— H 

(C,H,)aC-H 

C. Chain transfer coefficient 


• 


X lo* 

1-25 

23 

35 

Radical resonance energy 




(calculated) f • 

072 jSt 

1 - 30/5 

X' 8 op 


TABLE 11 . 


Compound 

1 

a.c,H,.ci 

CHCl, 

CCI4 

CsHjBr, 

CBra 

Agx (vinylacetate) at 54-0*' c. 

— 

207 

430 

— 

— 

ftgx (styrene) at Oo® c. 

i-g X IO-* 

■ 

0-804 

3-25 X I0-* 

159 

Collision efficiency in Na-| 
flame reaction § . . | 

x-25 X ro-* 

1 

0-01 

0-04 

1*33 X XO-* 

— 


Hence, if the radical S formed is sufficiently stable, the process will be- 
come one of chain termination. Indeed this may be the mechanism of 
fihftin termination with hydroquinones. Bolland and ten Have have 
shown that hydroquinones axe efficient chain tenninators for an oxidation 

* Baughan and Folan^, Naittre, X940, 146, 683. 
f Wheland, Atm. N.Y. Acad. Sci., 1940, 40, 77. 
t jS xs the resonance integral. 

I Cienaer, Curry and Polanyi, Z. physth. Cham., B, 1933, 33, 445. 
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chain, because of the inability of the semiquinone radical so formed to 
initiate a further radical reaction, and the work of Bartlett suggests that 
quinones inhibit by the formation of a semiquinone of the type : 



It would seem that the main features of radical reactions in poljTnerisa- 
tion can, in certain cases, be understood in terms of bond energies and the 
resonance energies of radicals, and tiaat our knowledge of the relative 
reactivity of both radicals and monomers has advanced very rapidly 
through the studies of copolymerisation. There are, however, many 
details to be filled in, notably the influence of substituents on the charge 
distribution in both radicals and monomers, and an understanding of 
tViis in terms of quantum-mechanical treatments is perhaps one of the 
most important tiieoretical studies of the next few years. Important 
though these relative values are in our understanding of chemical reactivity, 
it w3l be necessary for any complete quantitative treatment, to obtain 
as much information as possible about the absolute values of the velocity 
constants involved, and by an evaluation of the activation energies to 
investigate how radical structure and size affect the energetics and the 
entropy changes in radical reactions. 


A.— REACTIONS OF RADICALS AND MONOMERS, 
(a) INITIATION. 

JV-NITROSOACYLARYLAMINES AS CATALYSTS 
IN ADDITION POLYMERISATION. 

By D. H. Hey and G. S. Misra. 

Received x^th August, 1947. 

In 1934 ‘ it was shown that four different types of compound, 

represent^ by benzenediazo hydroxide, nitrosoacetanilide, phenylazo- 
triphenylme thane and benzoyl peroxide, displayed certain characteristic 
features in reactions with aromatic compounds which clearly differentiated 
such reactions from normal electrophilic and nucleophilic substitution 
processes. A homolytic reaction mechanism was therefore put forward 
to explain these apparently abnormal reactions which involved the 
formation of unstable reactive free radicals as intermediates. The general 
acceptance of these views implied that benzenediazo hydroxide, nitroso- 
acetanilide and phenylazotriphenylmethane should act in the same manner 
as benzoyl peroxide in initiating the polymerisation of vinyl compounds 
and it was not long before example of each type were tested for catalytic 
activity. Price and Durham^ were able to show that benzenediazo 
hydroxides were able to catalyse the polymerisation of styrene, while 
somewhat earlier the effectiveness of phenylazotriphenylmethane had 
been clearly demonstrated by Schulz.* The use of A^-nitrosoacylarylamines 
as catalysts in addition polymerisation was convincingly demonstrated 
by Blomquist, Johnson and Sykes.‘ 

The generally accepted theory of addition polymerisation implies that 
the primary active agent is a free radical and that such free radicals 

^ He^ and Grieve, J. Chem. Sac., 1934, ^797- * Hey, ibid., 1934, 1966. 

* Price and Durham, /. Amer. Chem, Soc., 1942, 64, 2508. 

* Schulz, Naturwiss., 1939, 27i 659. 

* Blomquist, Johnson and Sykes, J. Amer. Chem. Sac., I943> 65^ 2446. 
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become incorporated in the polymer molecules as end-groups. This has 
been demonstrated by using free radicals containing atoms or groups which 
lend themselves to qualitative detection and, in many cases, to quanti- 
tative estimation. When p-bromobenzoyl peroxide, for example, was 
used in place of benzoyl peroxide as catalyst for the polymerisation of 
styrene the polymer thus formed contained both ^-bromophenyl and 
^-bromobehzoyloxy groups.* These groups obviou^y result from the 
initial decomposition of the p-bromobenzoyl peroxide into the two different 
free radicals, thus : 

p- Br . CeH4CO . O . O . CO . C4H4 . Br-p 

P-Qt . CeH^* -f ^-Br . C,H4 . CO . O* + CO, 

When JV-nitrosoacylarylamines were used as catalysts Blomquist, Johnson 
and Sykes (loc. cit.) were able to show that fragments of the catalyst 
molecules were found in the polymers formed from styrene, methyl 
methacrylate and acrylonitrile but they claimed that only the active 
free aryl radicals produced in the decomposition of the AT-nifrosoacylaryl- 
amines were so incorporated in the polymer molecules and the free acyloxy 
radicals did not appear to be involved. The JV-nitrosoacylarylamines 
used in these reactions were mainly JV-nitroso-;^-bromoacetanilide, NN'~ 
dinitroso-4 : 4'-dibromosuccindianilide, iV-nitroso-a-bromoKovaleranilide 
and JV-nitroso-iV^-phenyl-jn-bromobenzamide. In those cases in which 
bromine is attached directly to the aromatic group, bromine was found 
in the polymer in quantities varying between o*8o and 7*50 %, whereas 
in the cases in which bromine is attached to the acyloxy group no bromine 
was found as shown by a negative Beilstein test and a negative test alter 
fusion with sodium. There would seem to be no clear reason why both 
aryl and acyloxy radicals should become incorporated in the pol3rmer 
when peroxides are used whereas only the aryl r^cals are involved with 
the nifrosoacylarylamines as catalysts. The initial decomposition of both 
types of compound is very similar in character as may be seen in the 
following equations : 

R . CO . O . O . CO . R->- R . CO . O . + R* -t- CO, 

R . N{NO) . COR 

R .y=N . O , COR R . CO . O . -I- R* -f N, 

An examination of the experimental evidence cited by Blomquist, Johnson 
and Sykes shows that their conclusion, that only the active free aryl 
radicals produced in the decomposition of the nifrosoacylarylamines are 
incorporated in the polymer mol^ules, rests solely on negative qualitative 
tests for bromine using the Beilstein test and fusion wilh sodium. Since 
the bromine content would in any case be very small it seemed desirable 
that this aspect of the subject shouM be given further study and some 
polymerisation reactions have now been carried out on styrene, methyl 
methacrylate and acrylonitrile using in turn ^-rdtroso-^-bromoacetanUide, 
JV^-nitroso-TsT-phenyl-w-bromobenzamide and hT-nifroso-iST-phenyl-^-bromo- 
benzamide as ca1^3^ts. The polymers formed in these reactions were 
carefully purified and analysed for bromine. 

Using J^-nitroso^-bromoacetanilide as catalyst polymerisation re- 
^tions were carried out with styrene, methyl methacry^te and acrylo- 
nitrile and the carefully purified polymers were found to contain from 
I -61 to 8*64 % bromine, thus confirming the incorporation of ^-bromo- 
pbenyl groups in the polymer molecules. When hT-nitroso-iV-phenyl-m- 
bromobenzamide was used with both styrene and methyl methacrylate 
the presence of bromine was again detected in the purified polymer and 
similax results were obtained when hT-nitroso-fZ-phenyl-^-bromobenzamide 

* Bkrtlett and Cohen, J. Am»r. Chtm. Soc., 1943, 65, 543. 
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was used as a catalyst. These results indicate that, contrarj’ to the con- 
clusions of Blomquist, Johnson and Sykes, when jV-nitrosoacylar\’’lamines 
are used as catai5rsts both the phenyl and the acj’loxy groups are in- 
corporated in the polymer molecules. 


E^qperlmental. 

Materials : 

Styrene, Methyl Methacrylate. Acrylonitrile. — These mateiials were 
distilled immediately before use. 

aV-NiTROSO-p-BROMOACETANiLiDE. This compound was prepared m 90 % 
yield from p-bromoacetanilide and nitrosyl chloride using the method of Franc ej 
Heilbron and Hey. ’ It melted at 84-86“ with explosive decomposition. Hantzsch 
and Wechsler * recorded m.p. 88“. 

JZ-Nitroso-JV-phenyl-ih-bromobenzamidb. iS^-Phenyl-Hz-bromobenzamide 
was prepared from aniline and freshly distilled m-bromobcnzoj'l bromide. After 
crjetallisation from absolute alcohol it melted at 145-147°, whereas Kottenhahn • 
recorded m.p. 137“ (Found : C, 56-3 ; H, 3*8. CijHijONBr requires C, 50-5 , 
H, 3*65 %). The nitroso compound, prepared in almost quantitaitive ^-ield by 
the method of France, Heilbron and Hey, decomposed at 6S-5“, whereas Blomquist, 
Johnson and Sykes recorded m.p. 61° for their catalyst. 

JV-Nitroso-jV-phenyl-P-bromobenzamxde. A^-Phenj'l-p-bromobenzamide, 
prexiared from aniline and p-bromobenzoyl chloride, cr^-stalhsed from alcohol 
in prisms, m.p, 202-204“. The nitroso compound was prepared in almost 
quantitative yield using nitrosyl chloride as in the preceding examples. It 
melted at 73“ wth explosive decomposition. 

Polymerisation. — ^AU reactions were carried out with freshly prepared 
catalysts. The molecular weights of the various polymers were detemuned 
from viscosity measurements in benzene solution. For the samples of poly- 
styrene the revised equation of Kemp and Peters, viz. 

M «= 

c 

where is the specific viscosity, C is the fundamental molarity, and 
= 0*45 X lo*. was used. For the polymers prepared from methyl 
methacrylate the original Staudinger equation, M = ffgp/C . where 

= i'7 X 10-*, was used. Molecular weight measurements were not carried 
out in t^ case of the pol3racrylonitriles owing to their insolubiliri”. 

Polymerisation of S^prene. — (i) A mixture of st3.*rene (20-24 g.) and 
A’-nitroso-p-bromoacetanilide (1-24 g.) was maintained at 75“ for 24 hr. The 
crude ixilymer (15 g.) was isolated by dissolving the reaction mixture in dioxane 
and adding methyl alcohol. The purified polymer (3-56 g.) was obtained after 
three such precipitations (Found : C, 90-07 ; H, 7-72 ; Br, 2-94 %. ]Mol. Wt., 
5940. Br. CjH^ . (CgHg',4 . CgHj . Br requires C, 89-89 ; H, 7-47 ; Br, 2-70 % 
Mol. Wt., 5931)- 

(ii) A mixture of styrene (9-074 g.) and iy-nitroso-iV-phenyl-fM-bromobenza- 
mide (0-464 g.) was heated in a sealed ampoule at 100“ for 24 hr. The resulting 
polymer (4g.) was dissolved in dioxane and predpitated by pouring into an 
excess of melhyl alcohol. The purified polymer was obtained after &Tee pre- 
cipitations (Found : C, 90-84 ; H, 7-52 % ; Br, traces. Mol. Wt., 13,^). 

Polymerisation of Methyl Methacrylate. — (i) N-Nitroso-;^-Dromoacet- 
aniUde (4*87 g.) was added to methyl piethacrylate (28-02 g.) at room temperature. 
After almut ^ hr. the mixture became wa r m and darkened in colour. The re- 
action flask was snirounded by cold water and left for 16 hr. The entire mixture, 
which solidified, was dissolved in dioxane and precipitated with methyl alcohol 
and this process was repeated several times to give the pure polymer (2-5 g.) 
(Found : C, 54-64 ; H, 7-47 ; Br, 1-61 “/p. Mol. Wt., 11,060). 

(ii) A mixture of .W-nitroso-^Z-phrayl-wf-bromobenzamide (1-529 g.) and 
methyl methacrylate (zo cc.) was left in a sealed ampoule maintained at 20“ 
for 18 hr. When the tube was opened a considerable pressure had developed 

1 Fiance, Hdlbron and Hey, /. Chow. Soc., 1940, 369. 

B Hautz^ and Wechsler, Annalen., 1902, 335, 242. 

• Kottenhahn, ibid., 1891, 264, 174. 

Kemp and Peters, Iitd. Eng. Chmi., 1942, 34, 1097. 



282 iV-NITROSOACYLARYLAMINES AS CATALYSTS 

due to N, evolution. The reaction product was dissolved in dioxane and pre- 
cipitated with methyl alcohol. The crude polymer (7 g.) was further purified 
by three precipitations (Found : C, 59*28 j H, 7*94 ; Br, 0*65. Mol. Wt., 
i8,990. Br . CgH* . C0s(C5H80,)ueC,H:5 requires C, 59*95 ; H, 7*93 ; Br, 0*42 
Mol. Wt., 18,877). 

(lii) A mixiure of hT-nitroso-f^-phenyl-m-bromobenzamide (1*50 g.) and 
melhyl methacrylate (10 cc.) was heated in a sealed tube at 79° for 18 hr. The 
crude pol3rmer (3 g.) was isolated and purified as described above (Found : C, 
50*82 : H, 8*27 ; Br, o*o6 ; Mol. Wt., 19,430. Br . C,H8CO,(C|HgOj)i,jC,H| 
requires C, 59*94 ; H, 7*98 ; Br, 0*41 “L. Mol. Wt., 19,300). 



Conen. of 


Coacn. of 


Tune 

(Hr.). 




Catalyst, 

Catalyst 
Mol./ 1 . 

Monomer. 

Monomer, 
MoL/ 1 . 

Temp. 

%Br. 

Mol. Wt. 

Fcamwnfi, 

Polymer 









Molecola. 

hf-mtroso-p- 









bromo- 

acetanilide 

0*23 

Stjuene 

8*72 

75“ 

24 

1 

2*94 

5.940 

2*18 

.^7-mt^oso-^- 


Methyl 






bromo- 

acetanilide 

0*76 

Meth- 

acrylate 

10*00 

0 

00 

l-f 

16 

i*6l 

11,060 


jV-nitroso-^- 







bromo- 


Acrylo- 







acetanilide 

W-nitroso-p- 

0*40 

nit^e 

15*00 

19-20" 

44 

8*64 


~ 

bromo- 


Acrylo- 







acetanilide 

W-nitroso-N- 

0*10 

nit^e 

3*64 

60" 

2 

6*94 


“ 

phenyl-»i" 

bromo- 









benzamide 

JV-nitroso-iV- 

0*152 

Styrene 

8*72 

loo" 

84 

Traces 

13.760 

— 

phanyl-w- 

bromo- 


Methyl 

Meth- 


i 





benzamide 

J7-nitroso-N- 

0*501 

acrylate 

10*00 

20" 

18 

0*65 

18,990 

2*54 

phenyl-m- 


Methyl 







bromo- 


Meth- 







benzamide 

AT-nitroso-iV- 

0*493 

acrylate 

10*00 

79“ 

z8 

0’06 

19.430 

1*14 

phenyl-^- 

bromo- 


Methyl 

Meth- 



1 



2*20 

benzamide 

.W-nilro.so-N 

0*656 

acrylate 

10*00 

20* 

16 

0*32 

55.240 

3*13 . 

phenyl-/>- 

bromo- 


Methyl 

Meth- 







benzamide 

.N-nitroso-jV- 

0*656 

acrylate 

10*00 

79“ 

lO 

0*26 

17.IIO 

1*56 

phenyl-^- 

DTomo- 


Methyl 

Meth- 







benzamide 

0*218 

acrylate 

3*15 

68*7" 

5 

0*34 

8,90b 

1*38 


(iv) A mixture of .^-nitroso-iV-phenyl-;j&-bromobenzami(]e (2 g.) and methyl 

methacrylate (10 cc.) was maintained at 20° for 16 hr. The crude ;^ymer (5 g.) 
was isolated and purified as described above ^ound : C, 59*19 ; H, 8*55 ; Br, 
0*32. MoL Wt., 55,240. Br . C^4CO,(C,H,0,),4,CO,Ci,H*.*Br requires C, 
59*82 ; H, 8.00 ; 0*29. Mol. Wt., 55,285. Br . CgH4C0j|(C,H80i)i4g . C*H| 

requires C, 59*98 ; H, 8*04 ; Br, 0*15 V , Mol, Wt., 55,077). 

(v) A mixture of iY-nitroso-i^-phenyl-i^broinobensaznide (2*00 g.) and 
metnyl methacrylate (10 cc.) was naaint^hikL in a sealed tube at 79** f^ z6 hr. 
Tbs crude j^ymer (5 g.) was isolated and purified as described above (Found ; 
C, 59*34 ; H, 8*22 ; Br, 0*26 ; Mol, Wt., 17,1x0. Br . C,H4CO|(C8HgO|)i7o . CgH, 
r^uixM C, 59*69 ; H, 8*02 ; Br, 0*46 ®/^. Mol. Wt., 17,208). 
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(vi) A mixture of JV-nitroso-iV-phenyl-^-bromobenzamide (2 g.), methyl 
melhacrylate (10 cc.) and n-hexane (20 cc.) ivas boiled under reflux for 3 hr. 
After evaporation of the w-hexane, the residue was dissolved in dioxane and 
poured into excess of methyl alco^l. Addition of a httle water precipitated 
the polymer (i g.), which was purified by thrice dissohung in dioxane and pouring 
into an excess of ice-cold methyl alcohol (Found ; C, 59*48 ; H, 7*96 ; Br, 0*34 ; 
Mol. Wt., 8900. Br . CflH, . CO, . (C^H,OJ,g . C,H, requires C, 59*77 ; H, 7*90 ; 
Br, 0*90 % : Mol. Wt., 8900). 

Polymeirlsatlon of Acrylonitrile. — (i) A mixture of JV-nitroso-^-bromo- 
acetanilide (1*77 g.) and acrylonitrile (16*04 fl*) maintained at 19-20° for 
44 hr. Ihe crude polymer was collected by ^tration and impurities were re- 
moved by contmuous extraction with ether and methyl alcohol successively. 
The purified pol3rmer weighed 1*5 g. (Found : C, 61*63 •' H, 5-19 ; N, 22*60 ; 
Br. 8*64 %). 

(ii) A mixture of JV-nitroso^-bromoacetanilide (1*48 g.), acrylonitrile (12*78 g.) 
and benzene (50 cc.) was maintained at 60° for 2 hr. The crude polymer was 
collected by filtration and purified as described above (Found : 0,63*72; 11,5*24; 
N. 21*90 ; Br, 6*94 %). 


Summary of Results. 

The foregoing results are summarised in the preceding table which 
shows the approximate number of catalyst fragments contained in the 
poljrmers. 

Sum m ary. 

It has been shown that AT’-nitrosoacylarylamines will effect the polymerisation 
of styrene, methyl methacrylate and acrylonitrile and that the resruti^ polymers 
contain both the aryl and acyloxy groups which result from the decomposition 
of the calalyst. 


R^um6. 

On a montrd qne les W-nitrosoacylaiylamines affectent la jiolym&risation dn 
styi^e, du methacrylate de mdthyle et de Tacrylonitrile et que les polymeres 
r^ltants contiennent k la fois les groupes aryl et acyloxyl, qui proviennent 
de la decomposition du catalyseur. 

Zusammenfossung. 

£s ist gezeig^ worden, dass A^-Nitrosoacylarylamine die Polymerisation 'von 
Styrol, Methyl^thacaylat und Acrylonitril bewirken und die gebildeten Poly- 
meren sowohl die Aryl- als auch die Acyloxygruppen enthalt^, die die Folge 
der 2 Lersetzung dcs Katalysators sind. 

Ki Jig’s College, 

University of London, 

Strand, Ij>ndon, W.C.2. 


GENERAL DISCUSSION. 

Dr. G. Salomon {Delft) said : Although Hey and Misra have demon- 
strated that no principle difference between the radicals CgH,* and 
. COO* exists, 1 am not convinced that the findings of Blomquist 
et aJ have to be discarded altoge&er. It may ea^y be that both radicals 
differ snfl&ciently in reactivity to find, rmder suitable conditions, differ- 
ences in their ability to initiate chains. 

We have found that diazo-aminobenzene, a source of CgHg* radical, is 
a much more powerful initiator for the homogeneous polymezisatioa of 
dienes than benzoyl peroxide a source of CgH, COO* and radicals. 

Prof. D. H. Hey (London) said : There appears to be littte difference 
between the reactivity of aiyl and aromatic acyloxy radicals since, when 
^bromobenzoyl peroxide was used as a catalyst in the polsonerisation of 
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st3nrene, it had been shown by Bartlett and Cohen that 64 % of the 
bromine in the polymer molecule was present as ^-bromobenzoyloxy and 
36 % as ^-bromophcnyl. In the experiments referred to by Dr. l^xen- 
dale an aliphatic acyloxy group was involved and in this case there may 
be a greater dillcrcntiation between the properties of the two radicals 
present in the s3?stom.* Blomquist, Johnson and Sykes had used nitroso- 
acylarylamines which contained aromatic and aliphatic acyl groups. 
In our experiments we confined our observations to experiments with 
aromatic acyloxy groups in order to simulate more closely the conditions 
which exist when benzoyl peroxides are used. The bromine content of 
the pol3rmers is admitt^y low and attempts axe now being made to 
modify the experimental conditions in order to obtain polymers of shorter 
chain-length and consequently higher bromine content. 

Prof. A. V. Tobolsky {Priweion) said : The question raised bj*^ Prof. 
Hey as to the possibilities of both rascal fragments from various catal3rats 
such as benzoyl peroxide and JV-nitrosoacylarylamines being effective 
in initiating addition polymerisation is of outstanding importance with 
respect to the question of diradical initiation. Recent experiments by 
H. A. Shah, F. Leonard and A. V. Tobolsky presented at the Septemb^ 
1947 nieeting of the A.C.S. in New York, indicate that the degree of 
polymerisation during phthaloyl polyperoxide-catalyscd polymerisation 
of styrene continues to increase with increasing conversion. The inter- 
esting possibility exists that by the use of diiadical-producing catalysts, 
such as ring or polymeric chain peroxides, ono may perhaps obtain rapid 
polymerisation without sacrificing chain length. 

Dr.M.Magat [Paris) [partly communicate^ : There exists a temperature- 
independent method ot^r than the photochemical one to produce a 
known amount of free radicals. This is the Szillard effect. If certain 
compounds, e.g. ethyl bromide, are irradiated by slow neutrons, these 
are captur^ by bromine with subsequent emission of y-raye. The recoil 
of the photon is sufficient to break ^e C — ^Br link and to produce a Br 
atom and a C|Hs* radical. It is very probable that at least one of them, 
if not both, wffi start a polymerisation chain. The amount of free radicals 
formed can be easily evduated, since the Br atpms set free are radioactive. 
Some preliminary experiments carried out by Joliot have sho-wn that, 
polymerisation can be initiated by neutrons, but no quantitative measure- 
ments have yet been made. We intend to start some research along 
this line in the near future, but we think the field is a very broad one, 
and we would be only too happy if other colleagues \vould collaborate. 

One has naturally to bear in mind that the radioactive bromine emits 
j 3 -rays which in turn may be capable of producing new free radicals. But 
we think that this effect can be also quantitati'^y accounted for. 

Also, it may be possible to create free radicals by bombarding hydro- 
carbons with fast neutrons, which cause rupturing of the C — bond. 
We are not yet quite sure that this method can be worked out into a 
quantitative one. 

Prof. M. G. Evans and Mr. J. H. Baxendale [Leeds) [communicated) : 
In coimection with the observations r^orted by Hey and Misra we would 
like to refer to work done by Mr. L. G, Wood.^ 

Wood studied the polymerisation of methylmethacrylate and of stjorene 
initiated by the decomposition products of N-nitrosoacetanilide. The 
radicals produced in the primary reaction step of the decomposition are 
presumably phenyl and acetoxy. If this sjratem behaves in the way 
indicated by the work of Blomquist, Johnson and Sykes we should not 
expect the acetoxy group to be incorporated in the polymer. The probable 
fata of this radi<^ which appears not to attack the double-bond, is to 
form acetic acid by an oxidative attack on either the solvent or the mono- 

Wood, Thesis (Leeds University, 1947), " Kinetics of decomposition of 
N-nitiosoacetanilide and the reactions of the free radicals produced’^. 
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met. The determination of acetic acid formed from JV-nitrosoacetaidlide 
in the presence and absence of a polymerisable monomer indicates that 
there is no difference in the amounts produced imder these two sets of 
conditions. 

It would seem, therefore, from the results of Misra and Hey that there 
is a fundamental difference in behaviour between the aromatic and the 
aliphatic acid radicals in that the latter appear to be oxidative in their 
action and do not attack and open a double-bond. 


(6) PROPAGATION. 

COPOLYMERISATION : THE EFFECTS OF STRUC- 
TURE ON THE REACTIONS OF ETHYLENIC 
BONDS WITH FREE RADICALS. 

By Frank R. Mayo, Frederick M. Lewis and Cheves Walling. 
Received 6th August, 1947. 

The object of this paper is to consider the contribution of researches 
on copoljTnerisation to our knowledge of the behaviour of free radicals 
in solution, using chiefly data which have been published from this 
laboratory or which will soon appear**-*. The whole development is 
based on the assumption that the relative rates at which tvTO monomers. 
Ml and Mg, enter a copol5TOer depend only on the reactmties of the two 
monomers Avith the terminal groups on the two kinds of free radicals 
present, the length and composition of the radicals beyond the terminal 
group being neglected. Neglecting chain initiation and termination, Ihere 
are then only four reactions which contribute to the composition of the 
copolymer : 


Ml* -f Mg ^ Ml- . 

. (I) 

Ml- - 1 - M, Mj- 

. (2) 

Mg- + M, *»», M.- 

- ( 3 ) 

M,- -f- Ml Ml- 

■ (4) 

The composition of the copolymer is given by * 

d[Mi] [Mil ri[M,] -h [Ml] 

d[MJ. [MJ V,[MJ + [Ml] 

- ( 5 ) 


and depends on the composition of the feed and on the two monomer 
reactivity ratios, yi{= ^n/An) and rj{= h„/kn). A monomer reacthuty 
ratio greater than one indicates a tendency of the radical to perpetuate 
its own kind while a ratio less than one indicates a preference for reaction 
with the other monomer. By a series of copolymerisations of a reference 
monomer with other monomers, the relative reacti^'ities of the other mono- 
mers toward the reference radical can be determined. The monomer 
reactivity ratios for any chosen pair of monomers are determined by the 
use of cqn. (5), or its integrated form,** at least tvi-o different experiments 

* (a) Mayo and Lewis, J. Amer. Chem, Soc., 1944, 66, 1594 ; (6) Lewis, Mayo 
and Hulse, ibid., 1945, 67, 1701 ; (c) Walling and IMggs, ibid., 1945, 67, 1774. 
J. Aimr. Chem. Soc. (in press) : {d) L^is, Walling, Cummin^, Briggpi and Mayo, 
{e) Mayo, Walling, Lewis and Hulse, (/) Doak, (g) Lewis, Walling, Cummings, 
Briggs, and Weni^, (A) Mayo, Lewis and Walling, (i) Lewis and Mayo, {j] Walling, 
Briggs, Wolfstim and Mayo, (A) Walling, Cummings and Briggs, {/) Mayo, 
Van Meter and Alderman. 

* Alirey, Mayo and Wall, J. Polymer Sci., 1946, 1, 5S1. 
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being required for solution of the two unknowns. Within experimental 
error, these ratios in oil-phase polymerisations are found to be independent ^ 
of the rate of polymerisation, the reaction medium, ® conversion, regu- 
lators, and impurities, but they depend on temperature and apply 
only as long as the polymerisation proceeds by a free-radical mechanism. 
Emulsion copolymerisation seems to differ only in so far as the solubihty 
of one monomer in water may reduce its effective concentration in the 
oil-phase.* 

From a determination of the monomer reactivity ratios in two- 
component copolymerisations, it is possible to predict how three-component 
and four-component systems will behave. The excellent agreement be- 
tween prediction and experipien-t gives strong support to th^ correctness 
of the fundamental assumption that the behaviour of a growing radical 
depends, for practical purposes, only on the terminal radical grouping. 

Experimental Data. — Most of the experimental data which will be 
used in this paper are summarised in Table I. The monomer reactivity 
ratios are very sensitive to errors in analyses, particularly when the ratios 
are much larger or smaller than unity. The errors are usually within the 
range to be expected from ordinary Momentary analyses i*- * but are larger 
when a high-boiling monomer is difficult to remove from a polymer, pr when 
precipitation of polymer during polymerisation leads to erratic results. 

Types of Ckipolymerlsation. — There are two extreme t3q)es of co- 
polymerisation, the “ ideal " . and the " alternating ” types, but the 
great majority of copolymerisations exhibit features of ^th. In the 
ideal ■ type of copolymerisation, the relative reactivities of the two 
monomers are the same for both radical tyx>es and a random copolymer 
is formed. If the monomers are close togeth^ in reactivity, as with styrene- 
^-methoxystyrene,* the composition of the copohmier being formed at 
any instant will approximate the composition of the feed. If the re- 
activities differ signiffcantly, as with styrene-butadiene, or greatly, as 
with styrene- vinyl acetate, then the more reactive monomer will tend to 
predominate or may (xmtil consumed) practically exclude the other 
monomer from reacting. In any event, which monomer adds to a growing 
raffical is independent of which added last ; one monomer reactivity ratio 
is the reciprocal of the other, and the product of the two ratios is unity. 

In the other extreme type of copolymerisation, a 1 : i copolymer is 
formed over a wide range of feeds, as in copolymers of maleic aiili3rdride 
with stilbene,^ styrene, and allyl acetate. ^ Each type of radical reacts 
only with the other Mnd of monomer, and an alternating copolymer 
results. Both monomer reactivity ratios are essentially zero and their 
product is zero. 

* Nozaki, J. Polymer SH., 435. 

* Smith, /. Amer. Chem. Soc.,- 1946, 68, 2069 ; Fordyce et al., ibtd., 1947, 
69. 581, 695, 1903. 

‘ Wall, «&w 2 ., 1944, 66, 2050. * Walling and Mayo, this Discussion. 

» Wagner-Jauzegg, Ber., 1930, 63, 3213. 

* Bartlett and Nozaki, /. Amer. Chem. Soc„ 1946, 68, 1493. 

* ° Indicates ratios which are considered accurate within ± ro % (*) or 
which may be in error by more than 30 % (‘^. Other ratios may be in eriac by 
more than ro % but le^ than 30 %. 

f For example, for the copolymerisation of styrene and methyl metha- 
ct^te, the monomer reactivity ratio for the styrene radical is given in column 
(a), row 3 and the ratio for the methaoylate radical is given in column (3), row 
2. Monomer reactivity ratios for radicals i, 4, 3, ro, ii, 14-16, 18, 21-4 are 
either given by notes a-j, or are experimentally indistinguishal^ from zero. 

orf Other monomer reactivity ratio of each pair: {a) 1*39*, {b) 0*33*, 
o*i6*, (c) 0*76*, both ratios at 90“, (d) 0’65, fa) i-yS, (/) cor, o‘043“, 
(A) o*o86, (i) O‘oi8, {j) < 0*13, data at 33** of Bartlett and Nozaki, ref. 8. 

k Alfrey and Hamson, J. Amer. Soc., 1946, 68, 299. 

1 -n Calculated from data of Moffett and Smiffi, U.S. Patent 2,336,871, 

80®, (w) 45“, (n) 40“. 
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Most copolymerisations lie between these extremes : there is a general 
average activity of monomers in copolymerisation on which is superimposed 
a tendency for the monomers to alternate in copolymerisation. « • For most 
systems, the products of the monomer reactivity ratios lie between zero 
(for perfect alternation) and unity (for ideal copolymerisation). None 
of the .s3rstcms mentioned in this paper has an product significantly 
greater than one, i.e. independent pol5nnerisation of the monomers may 
occur consecutively (as with styrene- vinyl acetate), but not simultaneously. 
Products of monomer reactivity ratios are thus a convenient measure of 
alternation tendency but they have the limitation that many monomer 
reactivity ratios are experimentally indistinguishable from zero and 
comparison of their products is then impossible. 

The Average Activity of Monomers toward Radicals. — ^The monomers 
in Table I are listed in order of decreasing average activity toward radicals. 
The monomer reactivity ratios are the reciprocals of the relative reactivities 
toward the reference radical, the reactivity of the reference monomer being 
taken as unity in each column. The reciprocals of the listed ratios, 
when multiplied by the absolute rate constant for the reaction of the 
reference radical with the reference monomer, become the absolute rate 
constants for the reactions of the reference radical with the various 
monomers, but until the necessary factors become available,* the ratios 
or reactivities in one column cannot be compared with those in another 
column. 

The monomers are divided into two groups, the i- and i : i -substituted 
ethylenes, and the i ; z-substituted cthylenes. Only the first group of 
monomers will be considered here. The ratios are seen to increase f^ly 
uniformly in each column but there are a few exceptions. Many of the 
significant deviations are due to the high reactivity of a “ donor " radical 
with an “ acceptor " monomer or vice versa, to be considered later. 

Table I shows that, on the whole, the monomers with conjugated 
vinyl, phenyl, carbonyl, nitrile and carbalkoxy groups are considerably 
more reactive towards free radicals than the monomers without such 
conjugation. The data show also that additional i-methyl or i-chlorine 
substituents increase the reactivities of the double bonds : * methacrylate 
is more reactive than acrylate ; methacrylonitrile is more reactive than 
acrylonitrile ; methallyl compounds are more reactive than allyl com- 
pounds ; vinylidene chloride is more reactive than vinyl chloride. These 
observations will now be considered in connection with other free-radical 
addition reactions of ethylene bonds. 

Analogies with Other Addition Reactions. — In additions of hydrogen 
bromide, mercaptans, bisulphite, and certain organic halides, such as 
carbon tetrachloride, by a free-radical chain mechanism, it is now com- 
monly assumed that the bromine atom, mercaptan radical, sulphite 
ion radical, or trichloromethyl radical adds to the ethylene bond so that 
the more stable free radical is formed, stabilisation being efiect^ by the 
conjugated or hyperconjugated group. From this explanation, it follows 
from the structures of abnormal hydrogen-bromide addition products 
that phenyl, carboxyl, halogen and alkyl groups are more efE(^ve than 
hydrogen in stabili^g a free radical, and that carboxyl, bromine and 
chlorine axe more eflEective than methyl. 

The same considerations of radical stability must apply to polymeris- 
ation reactions : monomer units should be atfawdred by a polymer radical 
so that the new radical is the more stable one. Assuming this analogy 
with simple addition reactions, the copolymerisation experiments then 

• Burnett and Melville, Natwre, 1945. 146, 661 ; Swain and Bartlett, J. Amar, 
Ckem. Soc., 1946, 68, 23S1. 

* These sanie conclusions have also been established recently by Nozaki. 

Kharssch, Jensen and Urry, ibid., 1947, 69, 1100 ; Kharasch, RBimnutn 

and Urry, ibid., 1105. 

“ Mayo and WaUing, Chsm. Rav., 1940, ay, 351. 



F. R. MAYO, F. M. LEWIS AND C. WALLING 289 

show that in a competition between two different monomers for the same 
polymer radical, the monomer which can yield the more stable radical 
is the more reactive monomer. Thus structures of simple addition 
products indicate the structures of polymers ; relative reactivities in 
copolymerisation indicate relative average reactivities in simple addition 
reactions. So far as data are available, both kinds of experiments 3deld 
the same order of radical stabilities. 

Although abnormal additions of hydrogen bromide are commonly 
reported to give 100 % of one product within experimental error, some 
of the other isomer must also be formed.^* Since the experimental errors 
are of the order of 1-5 %, product compositions indicate that the differences 
in free energies of activation for the two modes of addition of a bromine 
atom to an unsymmetrical olefine is at least 2-4 kcal./mole, a value con- 
sistent with the expected difference in stabihtie of the radicals. By 
analogy, we should expect that a similar proportion of head-to-head 
addition should accompany the predominant head-to-tail addition in 
polymerisation, a conclusion recently reached by Flory from degradation 
studies.^* 

Reactivities of Double Bonds and Derived Radicals. — ^The substituents 
which lend the most stability to the resulting radical might be expected 
also to lend the moat stability, and lowest reactivity, to the double bond 
in the unreacted monomer ; but since these conjugated double bonds are 
actually more reactive, the conjugation and hyperconjugation which 
stabilise both the monomer and radical must contribute more to the 
stability of the activated complex than to the stability of the monomer 
and possibly of the radical as well. Only in this way can we account for 
the observation that less activation energy is required to convert a 
resonance-stabilised double bond to a resonance-stabilised radical than 
to convert an unstabilised double bond to an unstabilised radical. This 
concept will receive considerable support from a comparison of cis and 
trans isomers. 

The conclusion that the most reactive double bonds yield the least 
reactive radicals and that the least reactive double bonds yield the most 
reactive radicals accounts qualitatively for some other phenomena in 
pol3maerisation. When a mixture of styrene and vinyl acetate poly- 
merises, ^ the vinyl acetate acts as an almost inert diluent for the st3n:ene, 
and a little styrene inhibits the polymerisation of vinyl acetate. Although 
the unreactive styrene (substituted benzyl) radical can add readily 
enough to the reactive double bond in styrene, it adds only i/5oth as 
fast to the unreactive double bond in vinyl acetate, and although the 
reactive vinyl acetate (a-acetoxyalkyl) radical adds readily enough to the 
unreactive vinyl acetate double bond, it reacts 50-100 times as fast with 
the mors reactive styrene double bond. Thus, a small proportion of 
styrene is able to pick up the reactive radicals, and convert them to un- 
reactive benzyl rascals. These grow only very slowly in vinyl acetate 
and the probability of chain termination with another r^cal before chain 
growth occurs is greatly increased. 

It may now ^ pointed out why there is no corrdLation between the 
average activity series of monomers in copolymerisation and the rates 
of polymerisation of monomers alone. The copolymerisation series 
compares the reactivity of two monomers toward a common radical ; in 
single polymerisations, any increase in the reactivity of a double bond is 
more or less balanced by a decrease in the reactivity of the radical which 
is adding (emd being formed), but the major difficulty in the use of overall 
rates of polymerisation is that they are highly dependent on the rate and 
mechanism of chain termination.^* 

“Mayo and Dolnick, /. Amgr. Chem. Soc., 1944, 6<S, 985. 

“ Fk^, J. Polymer Set., 1947, a, 36. 

“Bartlett and Altschul, J. Amer. Chem. Soc., r945, 67, 812, 816. 

K 
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The Effect of Temperature on Gopolymerlsation. — ^Table 11 summar- 
ises some careful measurements on the temperature coefficients of monomer 
reactivity ratios.^* Since each ratio is the quotient of two rate constants, 
changes with temperature give the differences in heats and entropies 
of activation for the respective reactions, and the quotient of the fre- 
quency factors. Table 11 shows that the monomer reactivity ratios do 
not vary greatly with temperature. The energy of activation is the prin- 
cipal factor determining relative reactivities of monomers and in most 
instances differences m entropies of activation are not significantly different 
from zero. Table I shows that for most radicals the ratio of ^e largest 
to the smallest reactivity is in the range loo-iooo. Thus, whether any 
two monomers will copolymerise with great ease or not at all depends 

TABLE II. — JiEA.T AND Entropy of Activaxion Differsncss in tbx Copolyuxris- 
ATioN OF Some Monombr Pairs.*' 


Radical Type. 


fi- 



Jffi* /Iff,*- 

/ISt*-/IS,*. 


60 P. 


131 *. 

(caL/moIe.). 

(i. 0 ./au>le.”}. 


Styrene 

Methyl 

methaciylato 

0-520 

± 0-026 

0-590 

± 0-026 

480 ±250 

0-12 ± 0-68 

I -06 ± 0*30 

0-460 

db 0-026 

0-536 

± 0-026 

580 ±280 

0-19 ± 0-76 

I-IO ± 0-34 

Styrene 

Methyl 

0-747 

± 0-028 

0-825 

±0-005 

380 ±140 

0‘54 ± 0-36 

1-31 ± 0-16 

acrylate 

0-182 

± 0-016 

0-238 

± 0-005 

1020 ±340 

0-66 ± 0-86 

1-39 ± 0-49 

Styrene 

Diethyl maleate 

6-52 

<0-01 

± 0-05 

5 - 4 S 

± 0-56 

—660 ±480 

1-87 ± 1-36 

2-55 ± 1-26 

Styrene 

0-301 

db 0-024 

0-400 

± 0-014 

1070 ±320 

0-82 ± 0-82 

1*50 ± 0-50 

Diethyl fumarate 

0-0697 ± 0-0041 

0-0905 ± 0-0008 

990 ±290 

- 2-35 ± 0-73 

0-31 ± 0-14 

Styrene 

0-742 

± 0-030 

o-8i6 

± 0-015 

360 ±170 

0-48 ± 0-43 

1-27 ± 0-24 

^-Cblorostyrene 

1-032 

± 0-030 

1-042 

± 0-015 

35 ±120 

0-40 ± 0-32 

1-22 ± 0-18 


* A 5 i+, AHi*. ASa+, and are re&pectivoly the entropies and heats of activation 
for the reaction of Mj, 'with Mj and M|, each radical in each pair being tairnn in turn 
as for the indicated calculation. is defined by 

RT ■ 

largely on a maximum differenco 0/ 3-5 kcal,/mole in free energy of activa- 
tion lor two competing reactions of a free radical ; tho widest possible 
range in practical results may depend upon feclors which are imperceptible 
or of secondary importance in most organic reactions. The relative 
reactivities of different double bonds are of the same order 'the indicated 
reactivities of tho two points of attack in a single unsymmetrical double 
bond, and for the same reason. 

The Alternation Effect. — ^Two principal explanations have been ad- 
'vanced for the tendency of monomers to altez^te in copolymeiisation. 
Priced* has proposed that substituents in ethylene derivatives tend to 
remove or supply electrons to the double bonds, or the free radicals derived 
from them, in the same manner that these substituents displace electrons 
in -the benzene ring. The resulting charges on the double bond or tri- 
valent carbon atom then increase teridency for a negative radical to 
react with a positive double bond or vice versa. The other explanation 

Price, J. Polymer Sci., 1946, i, 83. 
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proposes *« ® that the same factors which lead to formation of complexes 
between monomers such as maleic anhydride and styrene or stilbene, or 
between aromatic polynitro-compounds and aromatic hydrocarbons, lead 
to interactions between radicals and monomers. More specifically,® if 
the nature of the attacking radical and reacting monomer are such that 
one may reasonably transfer a single electron to the other, then the 
additional resonance forms available to the activated complex consider- 
ably increase its stability. Alternation then should be expected between 
monomers which can serve as electron donors and monomers which can 
serve as electron acceptors. Both schemes lead to parallel predictions : 
that the larger the difierence in charge or donor-acceptor ability between 
two monomers, the greater will be tiie alternation tendency. Table III 

TABLE III. — ^Altbrwation TaNDENcras in Copolymesisations as Measuked by 
Pkoducts of Monoiiek Beactivity Ratios. 


Vinyl acetate 
Butadiene 
I -08 Styrene 

0*3 AUyl acetate 

0-38 0‘34 Vinyl chloride 

<0-03 0-26 Methyl methacrylate 

<0-1 0*19 o-i6 o-6i Vinyiidene chloride 

0*14 Methyl acrylate 

O’ 10 i^thyl vinyl ketone 

O’ 8 j8-Chloroethyl acrylate 
0*43 Metha^lonitrile 

I ’I Acrylonitrile 


0’25 

0’004 


0’054 < 0’3 
0’05 
0’02 
0’02 


0’06 0’24 
0’06 


0*34 

0*56 


Diethyl fnmarate 


gives qualitative support to these ideas : here the monomers have been 
arranged largely in order of increasing tendency to alternate with st3rrene. 
It than appears that alternation tendencies between other monomers 
are fiiirly consistent ; the greater is the separation between two monomers 
in the series, the greater is their alternation tendency (the smaller is the 
product). 

An attempt has been made to treat the electrostatic effect on a quanti- 
tative basis ^® and to describe the general behaviour of each monomer 
in copolymeiisation on the basis of its average or general activity, Q, 
aud its polarity factor, e. However, the differences in tendencies of 
monomers to alternate with styrene and vinyl acetate, for example, in- 
dicate inconsistencies which may be dilQ&cult to account for. Further, 
data on the behaviour of cis and tratis isomers cannot be accoimted for 
by a simple electrostatic scheme but point to individual differences which 
bi^me exaggerated in activated complexes. Other aspects of the 
quantitative proposal will be considered elsewhere.® 

The of Substituents on Averafte Activity and Alternation 

Tendencies of Ethylene Derivatives. — ^Using data in Tables I-lII, the 
following rough estimate of the abilities of substituents, R — ', to increase 
the average reactivity of the monomer, H|C=CHR, toward free radicals 
is preseni^ : * 

C,H^ > H,C=:CH- > R— CO— > N=C— > RO— CO— > Br- 

> Cl— > R— 0 — , R— CH.— > H (?) 

“ Alfrey and Price, /. Pofymer Set., 1947, 3 , lor, 

*The position of depends entirely on the copolymerisations of vinyl 
acetate and vinyl bromide. In comparison with vinyl chloride, vinyl bromide 
shows a greater tendency to enter the copolymer and less tendency toward alter- 
nation. 
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The abilities of the same substituents to act as electron donors fall roughly 
in the order 

R-_0— > H,C=CH— > CaH,— > R— CH,— > H (?) > Br— 

> Cl— > R— CO— , R— O — CO— ■ > N^sC— 
There is no obvious relation between the two series. These series are a 
restatement and correlation of experimental observations. "When two 
monomers are similar in electron donor-acceptor ability, then they form 
a random copolymer of which the initial composition depends on the 
average activities of the two monomers : if they are close together (e.g. 
styrene-butadiene) the composition of the copolymer approaches the 
composition of the feed ; if they are quite different (e.g. styrene-vinyl 
acetate) then very little of the less reactive monomer eaters the co-polymer 
initially. When two monomers differ widely in donor-acceptor properties, 
then there is a strong tendency for the monomers to alternate in co- 
polymerisation. If the monomers are s i mila r in average activity (e.g., 
st3rrene-acrylonitrile), the composition of the copol3mier will be (dose to 

1 : 1 from a considerable range of 
feeds, but if the two monomers differ 
considerably in average activity 
(e.g. acrylonitrile-vinylacetate) then 
the alternation effect may be ob- 
scured by the predominance of the 
more reactive monomer. 

Comparison of the behaviour of 
1- and I : i-substituted ethylenes 
indicates that the effects of sub- 
stituents in both series are roughly 
additive. The effect of a-substitution 
will be considered next. 

The Effects of Symmetrical 
and UiisyxametTlcal Substitution 
on Reactivity. — ^Fig. i summarises 
the relative reactivities of all the 
chlorinated ethylenes with the 
vinyl acetate- and styrene-type 
radicals. To make the results more 
easily comparable, the reactivity of 
tetrachlonoethylene. has been taken 
as unity in each series, and the actual 
reactivities of cis- and <rans-dichloroethylenes and of tetrachloroethylene 
have been divided by two since they contain two equivalent positions 
capable of reacting. The high reactivities of vinyl and vinylidene chloride 
show clearly the activating effects of additional i-substitution in vinyl 
chloride and the deactivating effects of z-subetitation in both of these 
monomers. The effects of additional i-substitution were accounted for 
in connection with the discussion of average activity. The effects of 
2-substitution must be largely steric ; substituents in that position are 
closest to the point which must be attacked by the approaching radical. 
The possibility that the 2-chlorine atoms reduce the stability of the 
activated complex because they are less able than a a-hydrogen atom 
to stabilise the i-radical by h3rperconjugation lias been considered, but 
if we accept this mcplanation, then, since trichloroethylene is only one- 
third as reactive as vinyl chloride with the vinyl acetate radical, not 
significantly different with the styrene radical, we are forced to the im- 
probable conclusion that the resonance effect of a a-dbloiine atom on a 
x-radical is greater than the effect of a i-chlorine atom on a x-radical. 
Although substitution of a third chlorine atom in the i : 2-dichloro- 
ethylenes increases their reactivity, it is of interest that the differences 
between the cis and trans forms is laiger - ^ba-Ti the difference between 



Fig. I. — Logarithms of relative re- 
activities of chlorinated ethylenes, 
referred to tetra-chloroethylene as 
imity, toward radicals from vinyl 
acetate (solid circles) and styrene 
(open circles) as a function of the 
number of chlorine atoms. 
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the trans form and the tiichloro-compound. These relations bring up 
the problem of accounting for the difierences between cis and irafis 
isomers, to be considered in the next section. 

In copolymerisations with vinyl acetate, the products of the monomer 
reactivity ratios for vinyl chloride, c»s-dichloroethylene, iraws-dichloro- 
ethylene and vinyUdcnc chloride arc 0-38, 0*1 1, 0*085, and < o*oi, re- 
spectively. This series shows that 2-substit:ution increases the alternation 
tendency of vinyl chloride with vinyl acetate, even though it decreases 
the tot^ reactivity. Accordingly, the effects of 2-substitution on re- 
activity, as shown in Fig. i, might be still larger if they were not partially 
compensated by the increased tendency of the more chlorinated monomers 
to alternate with styrene or vinyl acetate. 

In the copolymerisation of monomers containing donor substituents 
with I : 2-disubstituted monomers containing strong acceptor substituents, 
then the donor-acceptor effect of the 2-substituent may be able to com- 
pensate fully for the normal deactivation by 2-substitution. Toward 
the styrene-type radical, e.g. diethyl fumarate is 2*5 times as reactive 
as methyl acrylate, and fumaronitrile is twice as reactive as acrylonitrile. 
When the reactivities of the disubstituted monomers are divid^ by two 
to allow for their two equally probable points of attack, the net result of 
2-substitution on reactivity is very si^l. Toward the vinyl acetate 
radical, fumaric ester seems to be about ten times as reactive as acrylic 
ester, but the acrylate is more reactive toward radicals which are poorer 
donors (Table I). 

Comparison of Cis and Trans Isomers. — ^Tablc IV summarises the 
relative reactivities of some geometrical isomers toward some reference 
radicals.^ The table shows that diethyl fumarate is 6-20 times as reactive 
as diethyl maleate with the three reference radicals tested, but since maleic 


TABLE rv. — ^Rki:.ativb Rbacttvities or somb Cis ani> Trans Isombrs. 


Reference Radlcel. 

laomer Pair. 

More Reactive 
Xsomer (Factor). 

Leas 

Stable 

Iflodor. 

Planar cfi 
Fbrm 
Hindered. 

Styrene . 

Diethyl fumarate and 

trans (aiX) 

cis 

+ 

maleate {ois) 



Styrene . 

Kthyl sudd fumarate 

r 1 

cis 

? 


and maleate 

J Insi^ficant 1 
f dirorence f 



Styrene . 

Fumaronitrile 

cis 

— 

Maleonitrile 

L J 



Styrene . 

1 : 2-DichloFoethylene8 

trans (6X) 
trans (6'5X) 

trans 

— 

Vinyl chlotido . 

Diethyl fumarate and 

cis 

+ 


inaleate 



Vinyl acetate . 

Diethyl fumarate and 

trans (15X) 

cis 

4* 


maleate 




Vinyl acetate . 

I : 2-Dichloroethylenes 

trofis (6*5X) 
trans (i*5-2X) 

trans 

— 

Malfflc anhydride 

Stilbenea 

cis 

+ 


anhydride is much more reactive than fumarate with styrene (the only 
radical for which reliable data are available), the low reactivity of maleate 
cannot be due to a general low reactivity of ois derivatives. Our earlier 
conclusion that resonance stabilisation of the su^tivated complex by con- 
jugated substituents is a crudsd factor in reactivity provides a satis&ctory 
explanation for these observations. In diethyl maleate, the size and 
position of the ester groups is such that both cannot lie in the plane of 
the rest of the molecule and the probability that either ester group will 
be coplanar is apparently small, but only a coplanar group can cont^ute 
to the resonance stabilikition of the a^vat^ complex. In maleic an- 
h3rdride, however, both conjugated carbonyl groups are fixed in a position 
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where they can make the maximum contributioa to the reactivity of the 
ethylene bond. Diethyl fumarate is an intermediate case. 

In general, we would anticipate that the less stable isomer of a pair 
(the one present in smaller proportion in the equilibrium mixture) might 
be the more reactive one, since both isomers on reaction presumably are 
converted through very similar (at most, stereoisomeric) intermediates to 
the same radical. Teste of other pairs of isomers give qualitative support 
to this expectation. 

In the hall-esters, where one sul^tituent is smaller and there is a possi- 
bility, at least, of internal hydrogen bonding, no significant difierence 
between the maleate and fumarate was found. Appsirently the higher 
energy of the cis form is compensated by a more tevourable steric con- 
figuration of the irans form. In the corresponding nitriles, where there 
can be no interference between nitrile groups, and where the equilibrium 
mixture contains about 75 % tra}is isomer, again no significant difference 
was found between the reactivities of the two isomers. In the dichloro- 
ethylenes, where the equilibrium mixture contains about 78 % cis form, 
the less stable trams form is 6-7 times as reactive as the ds form. In the 
copolymerisation of maleic anhydride with the stilbenes, both isomers 
give essentially a 1 : 1 copolymer from a wide range of feeds and comparison 
has been made on the basis of raies of the two copol3nuerisations, assuming 
only (i) that the rate of chain initiation was the same in both, reaction 
mixtures (with the same proportion of benzyol peroxide), and (2) that 
both isomeric stilbenes were converted to the same free nidicEil. The 
relative reactivities suggest that both phenyl groups may lie in the plane 
of the rest of the mol^ule in fmMs-s^bene, but only one is isostilbene, 
and that the number of coplanar phenyl groups may determine the number 
of points of attack. 

Quantitative considerations bring out some additional points of 
interest. Comparison of the compositions of the equilibrium mixtures 
and relative reactivities of the dinitriles (3 : i irans, equally reactive) 
with styrene and of the dichloroethylenes with both stjfrene and vinyl 
acetate (3*5 : i cis, irans 6-7 times as reactive) ^ows that the differences 
in free energy of activation are not equal to the differences in free energy 
of formation, and therefore, that the two isomers do not react through 
the same activated complex, although they presumably yield the same 
radical eventually. The results suggest further that the details of inter- 
atomic relations which determine rdative stabilities of monomers play an 
even larger role in determining the stabilities of the activated complexes. 
Finally, if overall dipole moment were important m determining reac- 
tivities of the dinitriles and dichlorides with donor radicals, then the ds 
forms should be more reactive in both cases, but if the net removal of 
electrons by these substituents were important, then the cis and irans 
forms should be equally reactive. Since the results are consistent with 
neither expectation, we conclude, for the present, that we are not yet 
able to interpret quantitatively the reactions of free radicals with ethyl^e 
bonds with these concepts. 


Summary. 

Study of the compositions of Gox>olymeiB formed from known feeds permits 
determination of the relative reactivitii^ of monomers toward the free radicals 
which occur in vinyl pedymerisations. Accumulated data show that, on ^ 
average, terminal ethylenic bonds with conju^ted unsatnration are most reactive 
because the conjugate grouw reduce the aenvation energy required for reaction. 
Other aubstitaents have smaUer activating effects. Supenmpceed on this general 
effect of substitution is a tendency of many monomer pairs to altemate in oopoly- 
xnmisatioii. 'While this e&ct can be c(xnelated qualitattvely with the almitira 
of the respective substitaents to accept or supply electrons, there is evidence that 
still other tectots must be mvolved. The^ con<dusioiis are supported by a 
compaxiaon of the bebaviouzs of cis and trans isomers and of the eSwAs of sym- 
metncal and unsymmetrical substitution on reactivity. 
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R£8um6. 

Les conipositioiis des copolym&res. formas k partir de proportions cozuaues, 
permettent de determiner les r^activites relatives des monom&res envers les 
radicanx, prodnits dans les polymerisations vinyliques. De nombreux r^sultats 
montrent qne, en moyeime, les liaisons dthyldniques terminales conjngn^ sont 
les plus r6actives, paice que les groupes conjuguds r^duisent r6nergie d'activa- 
tion, ndcessaire k la reaction. D’autres substituants ont des efiets activants 
moins marques. A cet efiet general de la substitution, il s’ajoute une tendance 
de nombreuses paires de monom^res k altemer en copolymeiisation. 

Zusamnienfassimg . 

Die Untersuchung der Zusammensetzung von Kopolymeren, die aus bekannten 
Zusammensetzungen der Ausgangsstofie gebildet werden, geatattet die Bestim- 
mung der relativen BeaktivitSiten von Monomeren ftlr die frden Radikale, die 
in Vinylpolymeiisationen entstehen. Angesammclte Daten zeigen, dass, im 
DurchBchnitt, End&thylenbindungen mit kanjugiertex Uns£Lttigung die hOriiste 
Reaktivitftt besitzen, vreil die konjugiezten Gruppen die zur Reaktion ndtige 
Aktiviernngsenergie verringem. An<^e Substilnenten tlbon kleinere Efiekte 
aus. Ausser diesem allgemeinen Substitutionsefiekt besteht bei vielen Idbno- 
merpaaren eiae Tendenz, in der Kopohonerisation mit einander abzuwechseln 
und ausseidem existieren Anzeicben damr, dass nocb andere Faktoren beteiligt 
sein mflssen. Diese Folgerungen werden durclx den Vergleich des Verhalte^ 
von cis- und iraMs-Isomeren und den Kinfluss von syxnmetrischer und unsjmi- 
metrischer Substitution auf die Reaktivit&t imterstlltzt. 

General Laboratories, 

United States Rubber Co., 

Passaic, New Jersey. 


THE EFFECT OF SUBSTITUTION ON THE RE- 
ACTIVITY OF THE STYRENE DOUBLE BOND 
TOWARDS FREE-RADICAL ATTACK: THE 
NATURE OF THE “ALTERNATING EFFECT’* 
IN COPOLYMERISATION. 

By Chbves Walling and Frank R. Mayo. 

Received 6 th August, 1947. 

One of the most interesting aspects of the new knowledge of the 
relative reactivities of oleflnic double bonds which has sprung from 
copolymeiisation studies lies in the finding that such relative reactivities 
depend, not only upon the olefin, but upon the attacking radical as well. 
Thus, the summary of data from these laboratories ^ shows that at least 
two major effects can be differentiated : first, a general order of monomer 
reactivity and, second, a specific tendency of certain monomers to " alter- 
nate ’* in copol3nneri8ation. The first of these appears to be independent 
of the nature of the attacking radical and to parallel the expected con- 
tribution of resonance stabilisation of the product radical to ihe stability 
of the transition state. It thus arises in same manner as the fsictors 
determining the direction of addition of free radicals to the double bond, 
e.g. the " abnormal ” addition of hydrogen bromide, i** ■ The second 
factor appears to arise from differences in polarity or electron donor- 
acceptor properties of radical and double bond, and is of peculiar interest 
since it is without parallel among previously known free-radical reactions. 

^ (a) Mayo, Lewis and Waiting, Trans. Faraday Soc. {b) Mayo, Lewis and 
Walling, J. Amer. Cham. Soc., 1947, 69- 

■Mayo and Walling, Cimn. Rev., 1940, Ofj, 351. 
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This paper summarises the results of extensive series " of copol3Tner- 
isalions of substituted styrenes and a-methylstyrenes vdth representative 
monomers with which they show negligible, weak, and strong tendencies 
to alternate in copolymerisation. These series were carried out in the 
hope of obtaining a clearer insight into the nature of the “ alternating 
effect " in copolymerisation, since the effect of meta- and ^afo-substituents 
on the resonance possibilities of the benzene ring and upon electron 
availability in the benzene side chain are comparatively well understood. 

Experimental. 

Description of specific experiments (all carried out at 6o° in absence of air and 
presence of benzoyl peroxide catalyst), calculations of relative reactivities, and 
determination of experimental errors axe all given elsewhere.* In most of the 
systems studied, however, reproducibility of experiments lay within the limi ts 
of the e:q>ected scatter of polymer analyses upon which the determination of 
monomer reactivity ratios depend. Results axe thus as good as can be hoped 
for with our present techniques. 

In copolymexisations of substituted styrenes with styrene and with methyl 
methacrylate * relative reactivities were calculated directly from the measured 
monomer reactivity ratios. In the case of maleic anhyd^e-a-methylstyrene 
systems, however,** all polymers consist almost entirely of regnluly alternating 
a-methylstyrene and xnaleic anhydride residues, and all monomer reactivity 
ratios axe essentially zero.'* Accordingly, recourse was had to the competitive 
reaction between t^ a-methylstyrenes and maleic anh3rdride. Under such 
conditions, as long as any maleic a^ydride remains, virtn^y the only reaction 
by which either a-methylstyrene enters the polymer is by reaction with a maleic 
a^ydride type radical, and the reaction follows the law : 

d[Mj/d[MJ = . . . . (i) 

where and Mt are the two a-methylstyxenes and the ratio of rate constants 
for the reaction of the two styrenes with the maleic anhydride type radical and 
thus the desired measure of relative reactivity. 

The effects of substitution on the reactivity of the styrene (or a-methylst3rrene) 
double bond towards attack by the styrene, methyl meth^rylate, and maleic 
anhydride radicals are listed in Table 1. Monomer reactivity ratio products 
(firm's) which serve as qualitative measures ^ of the alternating tendencies for 
the copolymerisations, are also included for the first s3rstems.* 

Effect of Substitution upon Reactivity of Styrikaes. — The effects of meta- 
and paro-substitution upon reaction rates and equilibria in a wide variety of 
reactions of the sort proceeding through polar intmmediates have been surveyed 
hy Hammett * who has found that, in general, they obey quite well the law : 

log kfk^ ap (2) 

where k and A, are rate or equilibrium constants for the side-chain reaction of 
the substituted and unsubstituted benzenes, a is a parameter for each substituwt 
fe.g. the ;^methyl group) and p a parameter depending only upon the reaction 
(e.g. rate of hydxc^sis of benzoyl chlorides). In order to see what, if any, sort 
of relationship exi^ between the effects of substituents on the reactivities of 
the styrene double bond in free-radical reactions and the ^own effects of sub- 
stituents on polar reactions, in Fig. x logaiithms of relative reactivities of the 
substitnted stiyrenes and a-methylstyrenes taken from Table I are plotted against 
the Hammett <r-values for the substituents. 

* (a) Walling, Briggs, Wolfstim and Mayo, /. Amer. Chem. Soc. (in ptsm). 

(&) Walling, and Wolfstim. ibid, {c) Walling, Seymour and Wolfstim 

ilnd. 

« The change from a series of styrenes to a series of a-methylstyrenes iu ms^c 
anhydride work was made to simplify analytical procedures and the determina- 
tion of rdative reactivities.** The assumption made, that nuclear substituent 
have the same effect upon the reactivity of a-methylstyiene as upon styrene 
appears well borne out by the experimental results. 

* The fiTp products for maleic anhydride sy stem s cannot be compared siace 
they are iudistiugiiishahle from zero (probably ^ 10-*). 

* Hammett, Physical Organic Chemistry McGraw-Hill Book Co., Inc., New 
York, 1940), Ch. VH. 
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Considsrmg first reactivities of the auli^tituted styrenes tovrards the uosub- 
stituted st3rrene radical (black circles), a radical derived £rom a mononoer sbowmg 
no tendency to alternate with st3nene, a close relation between relative reactivities 
and Hammett cr-values for the substituents is observed In fact the systems 
obey eqn. (2) quite exactly, with a median deviation of pomts from the best 
straight bne (drawn by the method of least squares) of only 0-024 units, less 
than the aveiage expenmcntal enor, and better thw all but six of the 52 polar 
reactions originally compiled by Hammett* In short, this radical reaction 
behaves like an ordinary polar reaction with a p-value (the slope of the bne 
through the black circles) of 0-51, approxunately the same as that for the ion- 
isation of phenylacetic acids *• ^ Smee Hammett tr-values can probably be most 
simply interpreted as measmes of the effect of substituents on electron density 

TABLE I. — Relativb RBACxrvniBS of SunsTixurKD Siyrbnbs towards 

IxDiCATED Radicals 


Subititoant. 

Styrene. 

Relative Reactivity* 
Methyl Methacrylate. 

Maleic Anhydride.^ 

P-OCH, 

0-86 ± o-o8 

1-59 ± 0-l6 

18-5 ± 0-j 

( 0 - 95 )* 

1 (0-093)* 

— 

p-N(CH,), 

o-g8 ± 0‘o6 

2-24 ± 0-22 

300 

(0*85) 

(0-023) 

— 

P-CH3 

— 

1-14 ± 0-06 

1-72 d: 0-12 

— 

(0-178) 

— 

mi-CH, 

— 

0-87 ± 0-04 

— 


— 

(0-26) 

— 

none 

I 00 

I-OO 

1-00 

p-F 

(i 00) 

(0-24) 

— 


_ 

0-72 ± O-IO 

p-a 

1-35 ± o-o6 

l-II ± 0-05 

0*79 ± 0-02 

(0-76) 

(0-37) 

— 

p-Br 

1-44 ± 0-04 

r*x6 ± 0-05 

0-73 -fc 0*15 

(o-6g) 

( 0 * 44 ) 

— 

p-I 

x-6i ± 0-13 

I *28 ± O-IO 

— 

(0-76) 

( 0 * 34 ) 

— 

»i-Cl 

1-56 ± 0-13 

0-98 ± 0-15 

— 


(0-70) 

( 0 * 43 ) 

— 

»n-Br 

X-82 ± o-xo 

0-96 ± 0-04 

0-96 ^ 0-14 

p-CN 

(0-58) 

(0-56) 

— 

3*57 ± 0-35 

2-09 ± 0-20 

0-96 0-57 

p-NO, 

(0*325) 

( 0 * 31 ) 

— 

5-20 ± 0-5 

— 

— 


(o-2i8) 




* Quantities given in parentheses under relative reactivities are monomer 
reactivity ratio products. 

> Relative reactivitiea for substituted a-methylstyrenes against a-methyl* 
styrene. 

at the site of reaction (here the styrene double bond), differences in reactivity 
might here be asodbed to changes in polar mtmaction between radical and 
monomer. A second source of the differences might be small variations m the 
contributions of the resonance structures of the product radicals which might, 
in tom, follow a Haimnett series, or else a combination of the two. However, 
since the chief purpose of thm paper is a discussion in the much, larger effects 
observed m reactivity of substitute styrenes towards the radicals derived from 
more strongly alternatmg monomers, a more detailed discussion is given else- 
where.** 

Reactivities of substituted styrenes towards the methyl methacrylate type 
radical, derived from a monomer showing a moderate tendency to alternate 
with slyrene (rjrg = 0-24), are indicated in Fig. x by half-black circles For 

* Kmdler, Annaien, zgzy, 453, 90. 


K* 
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the points on the right (styrene and the negatively-substituted styrenes) a reason- 
able agreement with a Hammett series is observed, and a line corFeq>onding to 
a p-value of 0-33 for the reaction may be drawn through the points wil^ a m^ian 
deviation of o-oj log units. On the other hand, the three points on the left 
(corresponding, from the left, to the substituents ;^-OCH3-, ^-N(CH3),- and 
^-CHg-) show markedly increased reactivities and no relation to the usual order 
lor polax reactions. These points also, it should be noted, correspond to monomers 

showing markedly increased 
alternating tend^cics with 
methyl methacrylate {r^r^ 
values of o-i8 to 0-02). 

Reactivities towards the 
maleic anhydride radical, de- 
rived from a very strongly 
alternating monomer 
< 10-*), are indicated 
in Fig. I by the open circles. 
In this reaction, it may be 
seen that the semblance to a 
Hammett series has been 
quite lost with p- 

OCHj and ^-N(CH,) groups 
producing gready increase 
reactivity in that order, and 
^-halogen the lowest reac- 
tivities of all. In short, as 
one considers the effects of 
substitution on the reactivity 
of st3nenes towards a series 
of radicals derived from 
monomers showing mcreas- 
ing tendency to alternate in 
copolymerisation with styr- 
ene, one finds a transition 
from an order of effects of 
subetitaentB paralleling those 
observed in polax reactions 
and rather small in magni- 
tude (about a six-fold rhamga 
in going from ^-OCHs to 
^-NOs) to a quite different 
order and much greater 
magnitude of effect (several hundred-fold between ;^-N(CH3) and p-¥). The 
possible origin of this phenomenon will be considered next. 

The Nature of the Alternating Effect. — ^As wc have seen in the pre- 
vious section, the effect of nuclear substitution on the reactivity of styrenes 
towards carbonyl-conjugatcd radicals shows little relation to the Hammett 
scries which governs most polar side-chain reactions of benzene. Ac- 
cordingly, it appears most unlikely that the major source of the great 
tendency of all styrenes to react with such radicals, and, conversely of 
styrene radicals to react with such monomers (the familiar " alternating 
effect *') can arise from any simple “ electrostetic ” or " polar " inter- 
action between radical and double bond.*> ' In reactions proceeding 
through polar intermediates, deviations from the Hammett series can 
sometimes be accounted for by a consideration of special resonance forms 
available in the transition state, product, or reactants. Thus, for example, 
it has been found necessary to assign a second, larger o-value to the p-nitro 
group when considering reactions of amines and phenols,” presumably 
because of additional contributions of resonance structures of the type, 

• Price, J. Pofynur Sci,, 1946, i, 83. 

* Alfrey and race, ibid., 1947, 
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Similarly, the efiEects of ^-aUcyl groups on the rates of solvolysis of benz- 
hydryl halides has been interpreted, m terms of resonance forms involving 
hyperconjugation between the carbonium ion and hydrogens of a ^-methyl 
group. Here it seems plausible to employ a 
siTnilar approach and, smce electron-accepting 
and -donating properties of carbonyl-con- £h — CH 

jugated and aromatic systems, respectively, I 
are well established, to consider contributions 
to the transition state in which an electron I J 
has been donated from the double bond of 
styrene to the carbonyl-conjugated radical. 

For the case of styrene-maleic anhydride, the resulting structures would 
be of the tjTpe shown in above equation. 

Considerable stability might be expected from such a structure, for 
not only has the maleic anhydride portion become a relative stable enolate 
ion, but the st3n:ene portion has available to it some 26 more-or-less 
equivalent structures of the types 

CH— CH, CH— CH^” CH=CH, CH— CH, 

6 '6 ’ 6 . ‘ 6 - •* 

• • 

Qualitatively, this picture is also able to account for the increased 
reactivity towards carbonyl-conjugated radicals produced by the intro- 
duction of ^-CH„ ^-OCH„ and ^-N(CH,), groups. Each introduces the 
possibility of a number of additional structures, e.g. 



CH— CH, CH-=CH, CH— CH, CH«CH, CH— CH, CH-CH, 

^ etc., II ^ f I etc., II 5* I 1 etc. 


H,CH+ H,C* 



H,^+^bEI, 


CO 

\h 


/ 
V 


+H 
C— R 


CH, •\h. CH, CH, 

Similar contributions from polar resonance 
structures in the transition state are possible in 

6 the attack of the styrene radical on the con- 
jugated double bond as ^own opposite, where 
the substituted benzyl carbonium ion may 
distribute its charge to the ortho- and para- 
positions and the maleic anhydride enolate- 
ion radical has available structures of the type : 

O* 0* O- 


Ah 


CO 


Y\ 

V 




/ 




.Ah 


/\ CH^\ CH^\ 

o *5 I 0 £9 I 0 
H / CH / CH 

V V 


etc. 


o- 




Hughes, logold and Taker, J. Chem. Soc., 1940, 949. 

^ The possibility that special resonance forms in the transition state were 
important m producing altei^tion in (x^lymeiisation was £rst made to us by 
Prof. Saul T^mstein of the University of Chdifomla at Los Angeles, and we are 
indebted to him for several discos^ns helpful in formulating viewpoint 
expressed here. 



300 “ALTERNATING EFFECT” IN COPOLYMERISATION 

This iormulatiou, incidentally, shows clearly why maleic anhydride, 
having two carbonyl groups over which to distribute its charge and odd 
electron, shows a greater alternating tendency than methyl methacrylate 
with one, and is in accord with the explanation given previously of 
the lower reactivity of a cis isomer such as diethyl naaleate in which, due 
to steric interference, resonance may occur with not more tha.n one 
carbonyl group at a time. Thus this concept of polar resonance forms 
can be made to account for both the conjugate reactions in an alternating 
copolyinerisation. 

Relation to Complex Formation. — An instructive analogy exists 
between the resonance forms available in the transition states of an alter- 
nating copolymerisation postulated in the previous section, and the 
structures proposed by Weiss for the coloured molecular compoimds 
formed between aromatic compounds and carbonyl-conjugated s3rstems.i* 
These consist of pairs of radical ions in which an electron has been 
donated from the aromatic to the conjugated system, e.g. for styrene- 
maleic anhydride, a hybrid of the resonance structures available to 


Sh— CH, 


r CO n 

Y\ 

0 J 


IV j 


Since the halves of this structure correspond to the olefin portions of 
the polar forms of the transition states lor the two reactions in the co- 
pol3mierisation of styrene with maleic anhydride, a parallel should be 
anticipated between the effect of substituents on complex formation and 
on reactivity with carbonyl-conjugated monomers.^* Some observations 
on such complexes are listed in Table II in which the nature of light 
absorption of complexes of substituted styrenes with maleic anhydride, 
1:3: 5-trinitrobenzene, and chloranil is compared with their reactivity 
toward the methacrylate radical. Maleic a^ydride yields rather un- 
stable complexes, bigUy dissociated in solution and, since aU are yellow 
in dilute solution, their relative absorption of violet light has been com- 
pared. Chloranil complexes are more stable and have absorption maxima 
in the visible spectrum, while trinitrobenzene complexes have intermediate 
properties. Examination of the data of Table II shows a very reasonable 
correlation between increasing depth of colour (shade or intensity) and 
reactivity, and lends good support to the idea of the importance of the 
structures proposed for the traction state in alternating copol3nnerisations. 

The parallel between complex formation and reactivity among the 
substituted styrenes, and the visible formation of coloured complexes 
with maleic anhydride suggests the possibility that alternating copoly- 
meiisations actually proceed through reaction of such complexes rather 
than the monomers themselves. If the point of view which we have ad- 
vanced is correct, this would not upset our picture of the general nature 
of the forces producing alternation. However, since it is of importance 
to a detailed picture of the reaction and to an understanding of any 
kinetic studies, it is well to review the available evidence. Baitlett and 
Nozaki** have surveyed a number of monomer pairs, induding the 

“ Lewis and Mayo, J. Amer. CJtem. Soc. (in press). 

“ Weias, J. Chem. Soc., 1942, 245. 

relation between the complex-forming and copolym wi sing tendencies 
of maleic anhydride has been suggested Bartlett and NozaJd, J. Amer. Chem. 
Soc., 1946, <58, 1495. Also, Woodward, ibid., 1942, 64, 3058, has suggested sta- 
tures wTTiiiftT -to those of Weiss in the transition state of the Diels-AMer reaction. 

“ The formulation of Weiss ^ for un^cnlax compounds as pairs of r^cal 
ions implies that they possess paramagnetic properties and ahonld, accordingly, 
be snaceptihle to experimental test. 
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strongly alternating systems allyl acetate-maleic anhydride and allyl 
acetate-diethyl maleate, for evidence of association (chiefly by vapour 
pressure measurements) with negative results. A similar mvestigation 
of the systems styrene-methyl methacrylate by Dr. Lewis in this 
laboratory employing viscosity measurements and thermal analysis also 
have yielded no evidence of complex formation. Another approach to 
the problem is through kinetic studies. 

TABLE II. — Complexes of Substituted Styrenes. 


Substitnont. 

Relabvo 

Raacbvity.’ 

Maleic 

Colour. 

Anhydride 

Intensity.* 

Tmuttohenzene 

Colour. 

Chloranil 

Colour. 

^-OCH, 

1-59 

yellow 

3-95 

orange 

red-violet 


2-24 

red’ 

20-5 

deep violet 

sky blue 

b-CHa i 

I-I4 

yellow 

0*202 

deep yellow 

orange 

W-CHg 1 

0-87 

»l 

o*o8o 

yellow 

— 

None 1 

i-oo 

„ 

0*027 


yellow 

p-a \ 

i*il 

J, 

0*046 

pale jiellow 

IS 

»»-Cl 

0-98 


0*019 



« Log Jg/7 for a 10 mm. cell containmg i H. styrene and i m. maleic aiih3rdnde 
m chlor^orm viewed with a Coming 511 (violet) filter. 

* Yellow in dilute soln. 

• Towards the methyl methacrylate type radical. 

For the systems styrene-methyl methacrylate and stilbene-maleic 
anhydride (which both gives a comptetely alternating copolymer and forms 
a stable complex with a dissociation constant of about 0*05), Dr. Lewis 
has found no clear evidence of complex participation. For styrene-maleic 
anhydride the kinetic order is high, but so far too erratic for any clear-cut 
decision. Finally, studies by Nozaki and in this laboratory have 
shown no eflect of dilution with an inert solvent upon the monomer re- 
activity ratios of styrene-methyl methacrylate, such as would be expected 
if an unstable complex contributed to the ^tematmg tendency within 
this pair. In short, many monomer pairs between wMch no evidence of 
compound formation axe found alt^nate in copol3nnerisation, and no 
cases exist where complex participation can be clearly demonstrated. 

AppHcatton of the Alfrey- Price Equation to Gopolymerisatlons of 
Snbstltated Styrenes. — ^Although the arguments given above have led us 
to the conclusion that the " alternating eflect " in copolymerisation arises 
primarily from the availability of special resonance forms to the transition 
state rather than electrostatic interaction between radical and double 
bond, it seems of interest to see how our data may be fitted to the equation 
of Alfrey and Price.' In fact, our data make a particularly good test of 
its vali^ty since a comparison of the reactivities of a series of substituted 
styrenes avoids the dMculties of changes in steric hindrance a-nd entropy 
of activation occasioned by changing of groups at the site of reaction. 
According to the treatment of these authors, the behaviour of any monomer 
in copolymeiisation may be described by two parameters Q, related to 
its geneuEd activity, and a polarity foctor, which are related in turn to 
the monomer reactivity ratios by the expressions : 

♦'1 = Qi/Q* ■ exp. - at), r, = Q,/Q^ . exp. -«•(»• - -i) . (3) 

In Table III, Q’a and e's have been calculated for a number of sub- 
stituted 8t3n:enes, using our data’* for copolymeiisations with styrene. 
Then, using Alfrey and Price's valu^ of Q and e for styrene and methyl 

Unpublished work. "Nozaki, J. Pokier. Sci., 1946, i, 581. 

u Mayo and Lewis, J. Amor, Chem. Soc„ 1944, 66 , 1594. 

"Walling, Lewis, Cummiogs, Briggs and Mayo, ibid, (in press). 
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methacrylate, we have determined the expected relative reactivities of 
the same substituted styrenes towards the methacrylate radical. Although 
some qualitative agreement is obtained, calculated and measured reactivities 
differ in general by more than the experimental error of the measurements, 
and we are led to the peculiar conclusion that halogen substituents lower 
the general reactivity of styrene. 

In systems in which the relative reactivities of two monomers towards 
the radical from a third are compared (e.g. maleic anhydride-two a-methyl- 
styrenes) the Alfroy-Price equation t^es the form : 

Ai/*i = QilQt exp. ^ ... ( 4 ) 

where Ai/^i is the same ratio of rate constants appearing in eqn. (i) and 
s, is the ;^larlty factor for maleic anhydride. If the reasonable assumption 
is made that a nucleax substituent has the same efEect on Q and e for 

TABLE III. — CAicui.ATiON of Relattvb Rbacttvitiks of Substituted 
Stysenss towards the Methyl Methacrylate Radical. 


Substitnant. 

Q . 


Relative 

Calo. 

Reactivity 

Found. 

^OCH, 

1-08 

—1-226 

i-o8 

1-59 

P - N ( CH ,), 

I *48 

—1-404 

1-48 

2-24 

None 

1‘00 

— I-OO 

I-OO 

1-00 

^-a 

0‘8oo 

-0-476 

o-8oo 

i-ir 

p-Br 

0-783 

—0-391 

0-783 

i-i6 


0-955 

—0-476 

0-955 

1-28 

m-d 

0-860 

—0-403 

O‘86o 

0-98 

>n-Br 

o-86g 

-0-262 

0-869 

0-96 


1-39 

o-o6o 

1-39 

2-09 


a-methylstyrene as for styrene itself, using eqn. ( 4 ), a value of g, may 
be calculated for each relative reactivity measurement in the last column 

of Table 1 for which the corresponding 
Q and f are available in Table 111. 
Results are listed in Table IV, and 
may be seen to give a wide scatter. 
Further, not only must e, be at least 
two for compatibility wi^ the meas- 
ured maximum value of (rxr, < io“‘) 
for styrene-maleic anhydride, but 0 * 
values near zero lead to the implaus- 
ible conclusion that the j}olar proper- 
ties of maleic anhydride are the same 
as methyl methacrylate and vinylidene 
chloride. In summary, in our opinion, 
our data fail to give any quantitative 
support to an equation in the form of that proposed by Alhey and Price. 

Applications to Other Systems. — Our use of the idea of polar forms in 
the transition state of a radical reaction to interpret the " alternating effect " 
in the copol 3 nQcerisation of styrenes and carbonyl-conjugated olefins infers 
i mmedia tely that they are important in other alternating systems as w^. 
Accordingly, it is encouraging to note that the empiii^ electron-donor 
series deduct from other copolymeiisation studies falls in the same order ; 
RO-- > alkyl > H > halogen, as the effect of substituents on the 
reactivity of a-methylstyrenes towards maleic anhydride. Such a result 
is entirely plausible, since the grou|^ shoxild be even more effective in 
providing additional resonance structures when attached directly to the 
radical or double bond than when their effects are transmitted through 


TABLE IV. — Calculation of 
" Polarity Factor " for 
Maleic Anhydride. 


Subatitoeut used. 

Polarity Factor. 

^-OCH, 

II-O 


13-2 

p-d 

0-23 

P ~ Bt 

O-II 

wj-Br 

—0-14 
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the benzene zing. In fact, it should be noted that the importance of polar 
forms to free-radical reactions need be in no way a peculiarity of copolymer- 
isations, but may well occur in other free-radical reactions, in particular 
attack of other free-radicals on double bonds. Although the only evidence 
available at present, the direction of addition to unsymmetiical bonds, 
points to the primary importance of stability of the product radical rather 
than any electron donor-acceptor effect,’ the possibility in other reactions 
should certainly be worth investigation, preferably, in view of the com- 
plexities of free-radical kinetics, through competitive reactions. 


Summary. 

By means of co|»lymerisation experiments, relative reactivities have been 
determined for a series of substituted styrenes towards the styrene and methyl 
methacrylate-type radicals and for a series of a-methylstyienes towards maleic 
anhydride. 

Towards the styrene type radical-substituents produced effects similar to 
those encountered in polar reactions. However, in reactions with the carbonyl 
conjugated radicals, dimved from monomers which alternate in copolymeiisation 
with styrene, effecto of substituents follow a different order and parallel the 
tendencies of the styrenes to form complexes with carbonyl-conjugated compounds. 

This result is discussed and it is concluded that the " alteimting effect " in 
copolymerisation arises from the presence in the transition state of pol^ structures 
simi 1 p.r to Ihose arising in molecular compounds. 


R6sum6. 

Far des experiences de copolymerisation, on a determine les reactivites 
relatives pour une serie de styrhnea substitaes par rap^rt au styr^e et auz 
ladicaux du type methacrylate de methyle et pour une s^e de a-methylstyrbne 
par rapport k f’anhydride maieique. Envers le radical du type styrbne, les sub- 
stituanto produisent des effets semblables k ceux rencontr^ dans les reactions 
polaires. Cependant, dans lea reactions avec des radicaux carbonyle conjugues, 
derives de monomeres qui altement avec le 8t3rrene dans la copolymeiisation, 
les efiets des substituaa'te suivent un ordie different et out les mdmes tendances 
que les styrbies k former des complexes avec los composes carbonyliques con- 
jugues. On discute ce resultat et on conclut que " I'effet alteme dans la 
copolymerisation provient de la presence, dans Tetot de transition, de stnictores 
polaires, semblables & celles qui se preseutent dans les composes moieculaires. 

Zusammenfassung . 

Mit Hilfe von Kopol3rmerisationsvex8uchen sind die relativen Reaktivitftten 
von einer Heihe von substituierten Styrolen ffir Radikale vom Styrol- und Methyl- 
methacrylattypus and von einer fh^e von a-hfetoylstyrolen fhr Maleins&ure- 
anhydrid xmtersacht worden. Fhr die Radikale vom Styroltypns war der 
Effekt von Substituenten Shnlich wie bei polaren Reaktionen. Hmgegen verl&uft 
in Reaktionen mit den konjugierten K^bonyliadikalen, die von Monomeren. 
die in der Kopolymeiisation mit Si^rol abwechseln, herstammen, der Effekt 
von Substituenten in einer anderen Keiheniolge und pandlel zur Tendenz der 
St}iToIe, mit den konjugierten Karbonylverbmdnngen Komplexe zu bilden. 
Dieses Ergebnis wird erbrtert und ea wira geschlossen, dass der " Abwechslungs- 
effekt " b^ der Kopolymerisation auf die Gepnwart Im Ubergangszustand von 
polaren Strukturen, &hnlich wie die bei Molekularverbindungen auftretenden, 
zuihckzufOhren ist. 
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It has been established and is now generally accepted that the usual 
vinyl pol3nmerisationa of monomers such as st3nrene, acrylates and vinyl 
halides, initiated by peroxidic catalysts, by light or by heat, proceed 
through a free-radical chain reaction : 


R. + <l_i . R— i-d* ^ E— (A— d).— (!:— d* 

U >1 I I I 1 

(M) 


It is thus possible to interpret much of the experimental data obtained 
from studies of various polymerisation systems in terms of the relative 
reactivity of various fr^ radicals toward monomers and other mole- 
cules which may be present in the reaction medium. It is the purpose 
of this paper to present such an interpretation, qualitativdy or quanti- 
tatively as the data permit, from results of studies of copolymeiisation, 
inhibition, retardation, chain transfer and chain initiation. 

1 . Gopolyxnerisation. — ^Mayo ^ was one of the early investigators to 
realise the important information on relative reactivity of free radicals 
which could be obtained from experimental data on copolymeiisation. 
The copolymeiisation ratios, r js and r^, in the copolymeiisation equation, 
derived independently and almost simultaneously by Mayo,^ by Wall* 
and by AJfrey and Goldfinger,* are measures of the relative reactivity 
of monomers Mi and M, to ^e two free radicals derived from addition of 
a radical to these two monomers. 



dM, ^ {Mi)/r„(Mi) -H (M, 
dM. (M,)Vru(M,) + (MJ 

Txt — Au/Ai« 
y%i — 


Since the values of f'n and r,i can be established by studying the com- 
position of copolymer (dMi/dMa) formed at various initial monomer con- 
centrations ((M^ and ^), one can thus obtain quantitative information 

^ Mayo and Lewis, J. Amor. Chem. Soe,, 1944, 66, 1594. Mayo, Lewis and 
Hulse, ibid., 1945, 67, 1701. * WaU, tbid., 1944, 66, 2050. 

* Alfrey and Goldfinger, J. Chem. Physics, 1944, la, 20j. 
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on the tendency of free radicals derived from different monomers to add 
to the double bond of these monomers. For example, Mayo, Lewis and 
Hulse ^ have made a careful study of the copolymerisation of all possible 
pairs among the four monomers, acrylonitnle, methyl methacrylate, 
styrene and vinylidene chloride. The data are summarised m Table I, 
expressed in terms of the relative reactivity of the different monomers 
to any radical end-group. 

TABLE I. — ^Data of Mavo, Lbwis and Hulsb on Rblative Rates 
OF Monomer Additton to various Radicals. 


Radical 

Monomer 

Stymie. 

Acrylonitrile. 

Methyl 

Methacrylate. 

j 

Vmvhdene 

Chloride. 

styrene 

(i-o) 

25-0 

2-0 

7-0 

\aylonitrile 

2*5 

(i-o) 

0-8 

2-7 

^tiiyl methacrylate . 

2*0 

7-0 

(i-o) 

4-1 

STmyudene chloride . 

0*5 

I-I 

0-4 

(l-o) 


One of the qualitative conclusions immediately obvious from perusal 
of even these lifted data is that the reactions of such highly-reactive 
intermediates as the free radicals involved as intermediates in polymer- 
isation may nevertheless be highly specific and selective. Thus, e.g., the 
relative rates of addition of a free radical to the olefin bond of styrene 
and of acrylonitrile may vary by a factor of 62-5 depending on whether 
that free radical may be one derived from styrene or acrylonitrile. This 
selective &ctor in copol3rmerisation was qualitatively recognised from the 
phenomenon of het^polymerisation, involving the successful polymer- 
isation of two monomers, such as maleic anhydride and stilbene or fumar- 
ates and simple olefins, neither of which would polymerise successfully 
alone. It is thus obvious that, to account for such observations, there 
must be a selective factor greatly promoting addition of one radical to 
the second monomer and the second radical to the first monomer. This 
fiictor has bemi interpreted on the basis of polarity in the radical and the 
monomer. *t » 

In addition to this selective polar factor, there is another important 
influence on the copolymezisation tendency related to the general ease 
vrith which a given radical will add to a particular double bond, r^;ardless 
of polarity. M&yo * has presented extensive experimental data in support 
of this fa^or and has termed it the " general monomer reactivity " factor. 
He has further pointed out that it seems to be closdy relai^ to the 
possibilities for resonance stabilisation of the radical adduct formed. 

A third important factor to consider is the steric one. This must 
sometimes be of considerable importance, particularly for monomers 
substituted at both ends of the double bond, such as maleic anhydride, 
stilbene, maleates and fumarates, and may even be of some importance 
m monomers containing two bulky substituents at one end of the doable 
bond, such as a-methylatyrene, i : i-diphenylethylene and even methyl 
methacrylate. 

It has recently been possible, at least for those cases where steric factors 
are not disturbing, to derive an equation for the copolymerisation ratios 

* Price, J. Polymer Set., 1946, I, 83 ; Mechanisms of Reactions at the Carbon- 
Carbon Dowle Bond (luterscieiico. New York, 1946). 

• Alfrey and Price, ibxi., zg4.7, a, loi, 

' Papers presented at sympe^a on Mechanisms of Organic Reeutions at Notre 
Dame in S^tember, 1946, and on Copolymerisation at Polytechnic Institute 
fo Brooklyn, December, 1946. 
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expressing the " selective " or " polar ” factor (Sj or e,) and the " general 
monomer reactivity " factor {Qi or Q^) in more precise terms.® 

ri, = = gi/Q,e-«i(«i-««) . . . (i) 

»'n = 


These equations were derived from the expression for a rate constant 
on the basis of the assumption that the activation energy could be split 
into an " energy *’ factor and an " electrical ” factor.’ The latter is con- 
sidered to be a simple coulombic charge interaction between charges 
cj and e,. The former is considered to be composed of two pieces, rdated 
to the free energy of the pol3mier radical {pi or p,) and of the monomer 
double bond and We might illustrate for the case of acrylonitrile 
and styrene : 


CH 


C.H, 

i==c: 


H 


CaH„ 

CH,CH- 
{pu «l) 


(9i‘ *i) 

CHs=CH 

CN 

(?*. «i) 


C.Ha 

CH,CH* 


CH 


CN 

.in- 


CH 

ch,(!:h* 

{pt, «j) 


CN 

ch,=c!h 

(Sji» *s) 
CHr=CH 

(?1» «l) 


CN 

,c1h- 


CH, 


CeH, 

CH.iH. 


Eqn. (i) and (2) may be derived on the basis of the assumption that 
the free energy of activation for the four processes indicated above may 
be split into (i) factors {pi or p^ associate with either radical plus (z) 
foctors {qi or q^) related to the ease with which a neutral radical could add 
to either monomer double bond plus (3) factors expressing the 

interaction of charge between that donated to the radical carbon by the 
substituent attach^ to it (phenyl or nitrile group) and that donai^ to 
the double bond by the substituent attached to it. The simplifying 
assumption has been made that the charge donated by a particular sul> 
stituent to a double bond is the same as tiiat donated to a radical carbon 
atom by the same substituent. The success with which the equation 
based on this assumption can be applied seems ample justtflcation that 
this is indeed a satMactory approximation. One may then write the 
rate constants An and as follows ; 

An = . . (3) 

A^j = = ojje'Crit . . (4) 

If monomers one and two are such that no serious steric hindrance is 
involved in the addition reaction, 0^ and niay be taken as the collision 
numbers and will be approxlma^y equal. The ratio of Au to Ax,, or ru, 
will then become : 

• • • (5) 


’ See, e.g., Bi and Eyring, J, Cham. Physics, 1940, 8, 433 ; Fiice, Chem. Rev., 
1941, 31, 37. 
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At a given temperature one may set e-ffflW = Q and elVrDRT = e to 
obtain eqn. (1). Eqn. (2) may be derived in a similar fashion from ex- 
pression for the rate constants A,, and 

The values for Q and e for a number of monomers are summarised in 
Table II. The values for acrylonitrile, methyl methacrylate, st3nene 
and vinylidene chloride are based on the excdlent data of Lewis, Mayo 
and Hulse.^ The other values are based in many cases on more frag- 
mentary and less reliable data and are undoubtedly more subject to some 
experimental error. 

It should be pomted out that, on the basis of eqn. (i) and (2), Q and e 
are not independent variables and unique values for e cannot 1:^ derived 
from any amount of data on copolymerisation ratios alone. The data in 
Table II are based on the assumption that the average charge on the four 


TABLE II. — ^Alternatb Values for Q and g with the Charge for Styrene 

CHOSEN AS — I'O OR — 0*7, RESPECTIVELY. 



Q. 


Q*. 

t". 

Styrene 


(i-o) 

(-1) 

(i-o) 

(- 0 - 7 ) 

Acrylonitrile 


0*34 

I 

0‘6z 

1-3 

Meihyl methacrylate . 


0*64 

0 

o>86 

0-3 

Vinyhdene chlonde 


0‘i6 

0 

0‘22 

0-3 

Vinyl chloride 


O’l 

0 

0*14 

0*3 

AUyl chloride 


0*03 

— 0*3 

0‘04 

0 

Methyl acrylate . 


0-35 

0-5 

0-55 

0-8 

Vinyl acetate 



— 0‘6 

0-13 

- 0-3 

Butadiene . 



—0*6 

0*77 

-0.3 

DicbloTostyrene . 

(Maleic anhydride 


Hi 

0-3 

1*8 

2*a 

3-4 

0*6 

2-1) 


monomers of Lewis, Mayo and Hulse ^ is zero. This seems to give fairly 
reasonable values for Q and e, in agreement with the qualitative concept 
that Q, the monomer reactivity factor, is related to resonance stabilisation 
and that s, the electrical factor, paradlels the charge induced by a gpven 
substituent in the benzene ring. It seems likely that the zero pomt for b 
may lie as much as 0’3 of a unit lower than indicated in Table II 
(column 3). Values for Q' and e', recalculated on this basis, are included 
for comparison in the last two columns of Table II. The calculation in- 
volved is derived simply from eqn. (i) on the basis that Qi and Q\ will 
be assigned the same v^ue. We may then rearrange eqn. (i) to express 
Q in terms of and Ae (where Ae is the change in assignment 

of the zero point for the e axis) : 

Qn' = 

One might approximate the al»olute magnitude of the charge t from 
the value of the arbitrary parameter e since e = tj VrDRT. If we choose 
a value of r, the distance separating charges in the transition state, as 
2 A.® or 2 X 10-* cm., somewhat greater i^n a covalent carbon-carbon 
bond length, a dielectric constant of unity, a temperature of 298® k. and 
evaluate R in terms of ergs per molecule, this equation indicates that a 
unit value of e corr^ponds to a charge of about 0*3 x 10-1® b.s.u. This 
charge is of the same order of magnitude as the che^e induced by mmiia-r 
groups on the benzene ri^, as estimated by Ri and Byring ^ from rates 
of substitution on the basis of considerations very mTuilar to those outlined 
above. 

Since it seems reasonable to expect that the effect of substituents on 
the aromatic ring would be paraU^ed by effects of similar groups on an 
olefin bond, ■ the values of e for various substituents or combinations of 

' See, e.g., Allan, Oxford, Robinson and Smith, J. Chem. Soc., 1926, 40Z. 
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substituents have been compared ■with estimated "values of the charge 
mduced by the group in the benzene ring. Since it seems likely that the 
charges on the caibon atom a to the substituent in the radical and p to 
it in the monomer will be those most concerned, we have used the sum 
of the charges on the ineta and para carbon atoms for the purpose of com- 
parison. The values are summarised in Table III and seem to mdicate 
a defmilo parallelism between the charge a substituent gives a double 
bond (as estimated from rates of copol3rmorisation) and the charge it gives 
to the benzene ring, as measured by Hammett's a constant." 

TABLE III. — CoMPABisoN ov Values of e with Chahgbs Inducbd in Benzbnb 
BY TEE Substituents at the Monomer Double Bond. 


Monomer. 

Snbstitnonts. 

0. 

a + tf . 

9 

St3rrene ..... 


—I 

— 0'24“ 

Acrylomtrile .... 

I 

1-68 

Melliyl methacrylate 

CH, 

GOOCH, 

0 

i*o8— 0-24 
= 0-84 

Vinyhdene chloride 

Cl, 

o 

1-20 

Vmyl chloride 

a 

o 

o-6o 

Allyl chloride 

cH,a 

- 0*3 

o- 74 » 

Methyl acrylate 

COOCH, 

0*5 

I *08 

Vinyl aceta'te. 

OCOCH, 

—0*6 

— o-i5« 

Bul^iene .... 

CH=CH, 

—0*6 

— 0-24“ 

Maleic anhydride . 

(C 0),0 

1-8 

2*i6 


{a) Value for the methyl group. 

{b\ Estimated from Ei and Eynng's value for the charge induced. 
{c) Value for the methoxyl group. 


The qualitative concept of polarity as an influence in polymerisations 
can be extended to account for h^eropolymerisations invol'ving such 
unusual " monomers ” as sulphur dioxide, oxygen and carbon monoxide.* 
2 . Inhibltioii and Ret^dation. — Since most inhibitors such as 
quinones and nitroaromatic compounds evidently exert their inhibitory 
action by adding a reactive free radical to give one less re£mtive to the 
monomer molec^es,* "the process involved would appear to involve the 
same factors as copolymerisation. 


NO, NO, 



(semiquinone, resonance stabilised) 

* Hammett, Physical Orgattie Chemistry (McGraw-Hill, New York, N.Y., 
zg4o), p. x88. 
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In order for the substance to act as an effective inhibitor it must react 
rapidly with the radical. This would be promoted by high resonance 
energy in the adduct (large Q value) and as large a difference in polarity 
as possible (favourable electrical ffuitor). Thus one might e3q)ect tri- 
nitrobenzene, with the strongly positive character of the ring carbons 
induced by the nitro groups, to be a more effective inhibitor of " negative " 
monomers (styrene) than of *' positive ” (acrylonitrile). 

3. Transfer. — ^In a cham-transfer process, where a molecule 
reacts with a polymer radical to produce a new radical capable of chain 
initiation, only the second step is regulated by the factors discussed under 
copolymerisation. 

R* -f- CCI 4 -► RCl -f •CCl, 

ClaC M CC1,MV 

Thus, lor carbon tetrachloride as a transfer agent, one would expect the 
second step, involving addition of the trichloromethyl radical with its odd 
electron on the strongly-positive carbon, to proce^ most readily for a 
" negative ” monomer double bond. 

Although it seems profitable and useful to anal 3 ^e the process of addi- 
tion of a radical to a double bond in terms of electrical and general re- 
activity factors, the factors affecting the type of free ‘radical reaction 
represented in the first step of the transfer process above seems more 
difficult to understand. This reaction, attack of a radical to remove an 
atom such as a hydrogen or halogen, is of considerable general importance 
and one worthy of considerable thought and effort to elucidate the general 
principles governing it. 

4. Chain Initiation. — One other free-radical reaction of great importance 
is that initiating a free radical chain reaction, such as polymerisation. 
This step involves first the generation of a r^cal frag^nt from the 
catalyst and then its addition to a monomer molecule. This second step 
should be regulated by the same general principles outimed above for 
other radical additions to a double bond. This problem seems readily 
amenable to experimental attack and such investigations are currently 
in progress at Notre Dame. 


La plupart des rdsultats expdrimentaux obtenus dans les polym&isatlons 
vinyliqnes de monom^res peuvent dtre interpr^Ms par les r^activitds relatives 
de divers radicaux libres envers les monom&xes et les auties molecules pr6sentes 
dans le mimieu de la reaction. On 6tablit une Equation pour ddteiminer les 
hinx de cOTolymArisatioa en fonction du facteur polaire ou " s^lectif " et de la 
" T^tivite g^ndrale ” du monom^. On discute qualitatlvement d'apr^ 
Cette ^nation les r^sultats des dtudes d’inhibition, de retard, de transfert et 
de commencement de chaine. 

Zissammenfassimg. 

£s wird gezeigt, dass viele Versnchsdaten fiber die Vinylpolimerisation von 
Monomeren auf Basis der relativen Reaktivit&t von vezscbiedenen freien 
Radikalen ffir Monomeie und andere Molekfile im Reaktionsgemiscli erklfirt 
weiden kdnnen. £s wird eine Gleichung ffir die Kopolymeiisationsbrfiche als 
Funktionen der selektiven oder polaren Faktoien und der allgemeinen lifono- 
merreaktivitat ab^eitet. Ergebnisse der Untersuchnng von Unterdrfickung 
und Verzfigerung. KettenfibeiixBgang und Kettenboginn werden in qualitaiiver 
Weise auf Basis dieser Gleichung bequrochen. 

University of Notre DamOf 
Notre Dame, 

Indiana. 
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I. ABSOLUTE VELOCITY CONSTANTS IN 
VINYL POLYMERISATIONS. 

By C. H. Bamford and M. J. S. Dewar. 

Received iith August, 1947. 

The detenninatioii of absolute velocity constants in radical reactions, 
and the quantitative study of radical reactivities are of great theoretical 
interest. The investigation of vinyl polymerisations is specially attractive 
in this connection, since their comparative simplicity and special features 
permit a detailed kinetic treatment. In general there are four velocity 
constants to be determined — ^imtiation {ki), propagation {kf), transfer {k,) 
and termination (ft 4) ; two relations between these may be found by 
measuring the overall rate of polymerisation and the molecular weight 
of the piquet. Melville ^ and Bartlett * and their co-workers have used 
tho rotaling-sector method of Bncra, Chapman, and Walters ^ to measure 
the lifo-time of a growing cham in the photopolymensation of liquid 
vinyl acetate, and were able to determine ft, and ft^. Their values for ft, 
are in agreement, but those for ft4 differ by a factor of nearly 40. (For a 
possible explanation of this see Nozaki and Bartlett.*) 

A new method lor determining all four velocity constants has been 
recently devised in this laboratory.* It depends on the use of viscosity 
measurements to follow the course of polymerisation. Similar measure- 
ments have been made before but their theoretical implications have 
not been realised. 


Summary of Method. 


The usual kinelic scheme involves unjustiffable simplifications. In 
the thermal (uncatalysed) or photo-polymerisation the first step must lead 
to the formation of a diradiceJi, which will then propagate from both ends. 
On the other hand the transfer reaction produces a single radical growing 
at one end only. Therefore the initial polymer has twice the average 
molecular weight of the transfer polymer, and the kinetics need appropriate 
modification. The complete scheme for the thermal and photochemical 
polymorisation is given below. 


2M 2X or D, 
M -|- Av -> 2X or D, 

X-f M-*.X 

D, -|- M Dj -f- R 
Di -I- M -► P, - 1 - R 
R -f- M Pj -H R 


^Initiation. 

ft, Propagation. 
2ft, I 

ft, vTransfer. 

ht J 


D, X -*■ D, + Q 
Di-fX-^P. + Q 
R -|- X -► Pi -j- Q 
2X -^2Q 


2ft4 

ft. 

ft. 

ft. 


^Termination. 


J 


(I) 


I Burnett and Melville, Nature, 1945, 156, 661 ; Proc, Roy. Soc., 1947, 189, 456. 

• Bartlett and Swain, J. Amor. Chom. Soc., 1945, 67, 2273 ; NozaM and 
Bartlett, Aid., 1946, 68, 23^. 

• Briers, Chapman and Walters, /. Chem. Soc., 1926, 56a. 

• Ba mf ord and Dewax, Proc. Roy. Soc. A, 1948, 193, 309. 
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X represents any active centre and Q any dead centre. Dj is the initial 
polymer growing at both ends, that growing at one end only, and Pa 
dead initial polymer. R and Pj are growing and dead transfer polymer 
respectively. I is the light intensity and A a constant dependmg on the 
extmction coefficient and quantum yield. Only wave-lengths which are 
weakly absorbed are used (« < 0*05) so that the rate of chain starting is 
sensibly constant throughout the hquid. 

As we axe mterested in viscosity changes, it is necessary to know the 
relation between viscosity, molecular weight, and concentration. Using 
the relation of Schulz and Sing,* which we have coiffinned for the polymers 
under discussion, it is possible to determine from the measured specific 
viscosity an " ideal ” specific viscosity (= c[ij]) which the solution would 
have if the specific viscosity were always proportional to the base molar 
concentration, c. Recent investigations have suggested that [^] is given 
by an equation of the Houwink • type, 

[ij] = KM'* (2) 

in which K, a, are constants for a given polymer-solvent mixture, and M 
the number average molecular weight. We have confirmed this equation 
for polyst3nrene solutions (see following paper). 

Appl3nng the stationary state meth^ to eqn. (i) and using (2), we find *, 


• . ( 3 ) 

f 0 + 2»cog) 


where is the molecular weight of the monomer. 


? = « == (i + 


AI \i 

him*)' 


2 4* a 
2I + * ' 


and 


is the rate of increase of ideal specific viscosity during irradiation 
di 

with light of intensity I. 

MeMurement of dij/d< over a range of light intensities provides three 

relations between the constants, giving the values of / 3 , ( j AiW -») 

and A. (The experimental technique is thus greatly simphfied since only 
relative hght intensities need be measured.) A third relation between 
the velocity constants may then be obtained by measuring the molecular 
weight of a thermal or photo-pol3mer (eqn. (3)). 

In order to obtain a fourth relation, and so to evaluate the constants 
absolutely, we make use of the fact that on cutting ofi the light the rate 
of pol3rmerisation does not ffill immediately to its <l^k value, but remains 
abnormally high for some time. The photochemical after-efiect, A?^, may 
be defined as the difference between the observed ideal specific viscosity 
at time / and that calculated on the assumption that the rate falls in- 
stantaneously to the thermal value on interrupting the light. It may be 
shown that 




(A» — 


, 2»eo — p 

— I : — ' 


jgn-m-i 

jfii — I/* 


2*ft» -f- J 3 
A«+« 


— V* 



2j3*(2«tu — 
>nA"i»* 



* Schulz and Sing, J. praht. Cham., 1943, 161, 161. 

• Houwink, ibid,, 1940, 157, 15. 
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where 

and 


As < 00, 


a = mfri, B = [Jll]*!***"*, A» = jS ^ i, v* = ^ — i 
(jJl. - ;« u «+!)+«- WKWOt -l 

' " ^ I) _ ({ _ 1)0 

the af U'r-olfect approaches a limit, Ai/? . 


Experimental. 

The monomers used in this work have to bo of exceptional purity. Purifica- 
tion was cfifectod in a high-vacuum system, by repeated distillation, and treat m e n t 
with lithium., beat and ultra-violet light to remove all catalysts and inhibitors. 
The lig^uids were then distilled into quarts vacuum viscometers, which had beeu 
heated to bright redness under vacuum. 

For each intensity a series of runs were carried out for different times of 
illumination (<). The total increase in viscosity is given by ’ 

irtj — at Aijtj. . • ■ • (6) 

where a is the photochemical rate. Thus both a and Aij^ were found. 

Results. 

So far we have studied only styrene and methyl methacrylate. It appears 
that with these monomers the kinetic scheme above is followed very closely. 
Fig. I shows the intensity-rate curve calculated from (4) together ^th the ex- 
perimental points for methyl methacrylate at o“. The agreement is very good 


■ 

n 

1 

1 
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a 

1 
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■ 


2 log^ 

Fig. I. — ^Photopolymerisation of methyl methacrylate at 0° c. 


over the whole range of light intensities of 30,000 : 1. Equally good agreement 
was obtained for styrene at o" and 35®. The dependence of the after-effect 
AiA on t and I was also determined for styrene and agreed very closely with that 
calculated from eqn. (5). The main rceults are given in Table I. Table II 
shows the activa^n energies and frequency factors for styrene, with estimated 
tnftTri-miTm exTors iu the energies. 

The valnes taken for K, a, will be discussed in the main paper.^ 

’ Allowance must be made for the pre-effect," due to the finite time taken 
for the stationary state to be established afto the lig^t has bera turned on. The 
pie-effect vanishes at infinito intensity, and with the intensities used^ u never 
urge. In practice Ihe pre-effect is calculated from an expression similar to 
eqn. (5). 
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Discussion. 

(i) We may compare the foUowmg values of the velocity constants with 
those given by Melville ^ and Bartlett ■ for vmyl acetate at 25® viz. 

kt 1000, = 3 X io“ (M), = io« (B) 

From copolymerisation experiments it is known that for a given radical, 
the reactivity falls in the series, styrene > methyl methacrylate > vinyl 

TABLE I. 



Styrena, o”. 

Styrena, 

Uetb]^ Klethacrylate. o®. 

*1 

4*51 X 10-^® 

1-33 X IO-“ 

6-83 X lo-i* 

A. 

6-91 

i8*7 

41*6 

A, 

7-47 X IO-* 

6-68 X iO“* 

6'I3 X 10-* 

A* 

1*83 X 10* 

2*79 X lo* 

2 '69 X 10® 

P 

26 

zz 

4-51 


1 ^ 


K 

4-57 X io-» 

5-05 X 10-* 

a 

0-65 


0'8o 

M (thermal) 

9*44 X 10 * j 

1 2*78 X 10® 

5-93 X 10* 


TABLE 11 . 


El «= 37*0 ± 3 kcaJ. 

Ej = 6*5 ± I 

E, = 14-3 ± 1 

E 4 = 3*8 ± I 


Ai = 1*23 X 10^* 
=S 1*02 X 10* 
Af *= 1*50 X 10^ 
A ^ *= 3-07 X 10® 


acetate. The relative values of the propagation constants therefore 
suggest that radical reactivities rise in the same series. This is consistent 
with current views, according to which the resonance energies of the 
radicals should rise in the series vinyl acetate < methyl methacrylate 
styrene. 

The low reactivity of the styrene radicals is reflected in the finite 
activation energy for termination, whereas Melville ^ states that termin- 
ation in vinyl acetate is not activated. As a result of this, the life times 
of single rascal and a growing polymer molecule, and a kinetic chain 
are surprisingly long. V^ues are given in Table III for styrene at several 
temperatures, and for methyl methacrylate at o®. 


TABLE m. 



Stjnena. 

Urthyl 

Methaaryate 

0 ®. 


0®. 

*5". 

100 ®. 

Life of one radical 

Life of growing pedymer 
moIecnlB 

Life of kinetic chain . 

I-6XI0-* 

25 min. 
zz hr. 

6'2XI0-* 

a*8 min. 
33 min. 

7*5 X zo“* sec. 

Z‘24 sec. 

3 sec. 

2*3 X ZO-* sec, 

148 sec. 

8z6 sec. 


(ii) The value of for styrene is considerably greater than has been 
generally assumed. This is mainly due to the neglect of chain transfer 
% previous workers (cf. ref. 4 for fulter discussion). It is interesting that 
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the frequency factor is approximately normal, in conflict ivith the ideas 
of Harman and E}mng.‘ The other values are more or less what has 
been expected for the types of reaction concerned. Chain transfer certainly 
cannot be neglected in the thermal reaction. The number of times an 
initial radical centre undergoes transfer in a kinetic chain is jS. This de- 
creases with increasing temperature, but oven at 100° has the value i*6 
according to our measurements. 

(lii) The polymerisation of methyl methacrylate shows some peculiar 
features which make it difficult to study. We have found that irr^ation 
of cither the liquid or the vapour by ultraviolet light produces a catalyst, 
while an inhibitor is produced spontaneously on standing. The results 
obtained by Melville • can be interpreted readily in these terms, and it 
seems unnecessary to postulate non-terminatmg chains. A full account 
of this work will be published later. 

Summary. 

A method is described for deleimiiung the absolute velocity constants of 
initiation, propagation, chain transfer and termination in vinyl polymensatiocs. 
Results are given lor styrene and methyl methacrylate. The reactivities of the 
radical intermediates are discussed in terms of their structures. Some peculiar 
features of the methyl methacrylate polymerisation are mentioned briefly. 

R£8um4. 

On ddcrit une mdthode qui permet de ddierminer les constantes absolues de 
vitosse pour rmitiation, la propagation, le transfert de chalne et la terminaison 
dans les pol3rmdrisati.ons vmyhques. On indique lea rdsultats pour le styi&ne 
et le mdthaciylate de mdthyle et Ton discute les rdactivitds des radicaux mter- 
mddiaites d'apr^ lenr stmeture. 

Zusammenfassung. 

£s wird eine Metbode fhr die Bestimmung der absolnten Geschwmdigkeits- 
konstanten fur Kettenexnloitung, -fortpllanznng, -flbertragnng und -abbmch 
in Vinylpolymerisationen beschrieben. Resultate f&r Styrol und Methylmetha- 
crylat werden berichtet. Die Reaktivitaten der Radikalzwischenprodukte 
werden mil Bezug auf ihro Stmktur besprochen. 

• Harman and Eyiing, J. Chem. Physics, 1942, 10, 557. 

• Melville, Proc. Roy. Soc. A., 1937, *^ 3 » 


II. RADICAL REPLACEMENT REACTIONS. 

Mayo ^ established that when vinyl polymerisation is carried out in 
a solvent, the latter participates in chain transfer. Mayo showed that 



where P, Pq are the number average degrees of polymerisation, in solution 
and in pure monomer respectively, 8re the velocity constants for 

chain transfer with solvent and propagation, and ^ is the mole ratio 
solvent /monomer. The same equation follows from the more detailed 
kinetic scheme of the previous paper. The determination of hx (cf. 
previous paper) enables us to deduce k\ from the ratio h'xfht found by 
Mayo's method. Since the transfer reaction with the solvent is essentiaRy 
a r^cal replacement we are thus able to determine absolutely the velocity 

^ MayOj /« Amer. Chsm* Soc., 1943, 65, 2324. 
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constants of such reactions. Further, by fin ding the power of the in- 
trinsic viscosity which must be substituted for P in (i), it is possible to 
evaluate a in tire relation : 

i-n] KM^ == KMo»P» (2) 

If transfer tahes place in a halogenated solvent, p may be determined by 
chemical end-group methods, and hence K also found. 

Experimental. 

Method. — ^Mixtures of redistilled stvrene and solvent were heated in nitrogen- 
filled sealed tubes m thermostats at 60® and 8o“, until about 5 ®/ polymerisation 
had occurred. The polymers were isolated either by precdpitanon with a large 

TABLE I. 



ca*. 

CBr4a 

CHia.CHtCL 

CjH sBrg. 


/ ” 1 
6o®, So®. IOC®. 

’ 60®. 80®,' 

60®. 80“. 

80®, 100®, 


0*804 i-W 4-34“ 

139 38a 

1*904x10** 1*163x10“* 

3*35X10“* 0*1113 

s 

10*7 

6*7 

31-a 

i6*3 

4 

J*6oxio* 

3*93X10* 

1*36x10“ 

3*99X10* 


k*, In 1. inOl.~> sec.~* B in kcaL " Eeoalcalatad from data of Sums, Pilch and Rndoifcr (ref. 3). 


excess of methanol, or by vacuum distillation. Similar results were obtained 
by both methods. In- 
triusic viscosities were 
determined in toluene at 
25® using an Ostwald 
No. 1 viscometer, and 
extrapolated to zero con- 
centration by the method 
of Schnlz and Sing.* 

Results.— In Fig. i 
values of i/P, calculated 
from (2) with a == 0-65 
^ =* 4'57 X are 

plotted against for sty- 
rene— CQ^ mixtures at 
60®. The points lie on a 
strc^ht line within the 
limits of experimental 
error. This value of a was 
obtained by a more ac- 
curate gra^cal method 
which will be described 
elsewhere and tlu mean 
value of K found from 
chlorine estimations. 

£qn. (2) with these values 
of a and holds for poly- 
styrenes with moleioilu 
weights m the range 10* 
to at least 10*. 

These valnes were 
then used to deteimiiie 
■? for other polymers by 
eqn. (a). From fha result 
of the previous paper, the 
values of at 60°, 80°, 100°, and 120® may be calculated to be 39*0, 102*4, 

* Schulz and Sing, J, prdkt. Chem^ 1943, z6z. 
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i68, and262l. mol.-^sec.-^ Honce from (i) values of A'j may be found. These 
are given, together wi'^ activation energi^ and frequency factors, in Table I. 

The hguros calculated by Mayo ^ from the results of Suoss et al.^ need cor< 
rection, as these authors used the Staudinger equation (i.o. (2) with a = i) for 
determining molecular weights. We have calculated the velocity constants, 
activation energies, and frequency factors in the cases where sufficient data are 
available. The results arc given in Table II. Wo may mention that the drift 
in velocity constants noted by Mayo, and attributed by him to failure of the 
Staudinger equation for low molecular weights, is in fact due entirely to his 
use of the wrong exponent in cqn. (2). 

TABLE ri. 



Toluene. 

Bthyl benzene. 

Benzene. 

»-Heptane. 

TWn* 

chlv* 

ethane, 


So*. 100*. lao*. 

80*. zoo*. 130 *. 

8o*, 100*. 

100*. 

lOtf, 


4*13x10’ i*?oxio-* j'SgXKT* 

1*43 xro"* 4 *o6xio“* i*4ixio'^ 

i<37Xio-* 6*67 XI0-* 

3*89 xior* 

0*300 

E 

i 8*3 

i8*a 

19-1 



A 

6*68X10* 

i*6oxio* 

8*79X10* 




Disaission. 

The results in this paper are preliminary in nature, and only tentative 
conclusions can be drawn from them. It seems to be established that the 
frequency factors vary over a considerable range — from 7*6 x lo* in 
CClj to I‘26 X lo^^ in CiHiCl,. The rate of reaction increases in the 
series CHjCl— CHjCl < CHClg-^HCl, < CCI4, as would be expected, 
since the chlorine substituent stabilise the radicals formed by transfer. 
Lilrowise toluene and ethylbenzene react more readily than benzene, since 
the former pair can give mesomelic benzyl radicals. Bromides react 
faster than the corresponding chlorides, possibly because the C — Br 
bond energy is less than that of C — Q. The very high transfer constant 
with CBr* — about three times the propagation constant — suggests that 
with quite moderate concentrations of CBr4, P should become very small, 
i.e. simple addition should predominate. ICharasch et al.* have indeed 
obtained a 94 % yield of the addition compound PhCHBr — CH,CBr,, 
using a 6/1 molar ratio of halide to styrene. Incidentally this result 
confirms the general mechanism for chain transfer. 

It is, however, surprising that the activation energy and frequency 
factor are so high iu ethylene dichloride. The values given in Table I 
were calculated from our results at 60® and 80® ; inclusion of Suess' results 
at 100“ would give even higher values. The effect therefore appears to 
be genuine. It is also interesting that the activation energy for transfer 
wil£ styrene (14' 2 kcal.) given in the previous paper is considerably less 
than those for other benzene derivatives. 

Summary. 

MeaBuiement of the degrees of polymerisation of polyvinyl compounds pre- 
pared in solution enables the velocity constant of the tracer reaction with the 
solvent to be evaluated in terms of the velocity constant of chain propagation 

* Suoss, Pilch and Rudorfer, Z. physih. Chetn. A, 1937, 179, 361 ; Suess and 
Spriager, ibid., 1937. 

4 Eharasch, Elwood, Jenson and Uny, J. Amr. Chem. Soe., i947i ' 

Khatasch, R einmn th and TJrxy, ibid., IJ05. 
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(cf, llasro ^). Using values for the latter found in Part I, the absolute velocity 
constants of transfer have been calculated for stjTene in a number of solvents. 
The transfer reactions are essentially radical replacements, and as such their 
rates are discussed lu terms of the structure of the solvents . liiis work incidentally 
leads to an unambiguous method for establishing the relation between intrinsic 
viscosity and molecular weight of vinyl polymers. 


RSsumd. 

On a calculi les constantes absolues de vitesse de transfert pour le st3^ne 
Hans tin certain nombre de solvants, en employant la constante de vitesse de 
propagation de chatne, dont les valcurs out ltd obtenues dans la partie I. Les 
rdactions de transfert sont des remplacements de radicaux et on discute leurs 
vitesses d'aprhs la structure des solvants, ainsi qu'une mdthode sans ambiguitd 
pour dtablir la relation entre la viscositd intrins^ue et le poids moldculaire des 
polymferes vinyliques. 


Zusammenfassung. 

Die absoluten Gesch%vindigkeitakonstanten der tTbertragung sind filr Styrol 
in ftitiftr Reihe von Ldsungsmitteln unter Benhtzung der im I. Teil erhaltenen 
Werte fhr die Geschwindigkeitskonstante der Kettenfortpflanzung berechnet 
woiden. Die tTbertragungsreaktionen sind Radikalersetzui^en und ihre Ge- 
schwindigkeiten werden auf Grund der Struktur der LOsungsmittel erdrtert. Eine 
unzweideutige Methods zur Feststellung der Beziehung zwischen der inneren 
Yiskosit&t und dem Molekulargewicht des Polymeren wi^ besprochen. 


Couvtaulds Ltd., 

Research Laboratories, 
Maidenhead, 
Berkshire. 


GENERAL DISCUSSION 

Dr. G. Salomon ipelft) said : Although the series of relative reactivities 
explain a number of known facts on copoljTnerisation they will not permit 
one to predict the course of reaction for all combinations discussed in 
the paper by Mayo et al. It was found some years ago by Dr. v. d. 
Meer in our laboratory that isoprene acts as a powerful inhibitor on the 
polymerisation of vinylidene chloride, a result which could neither be 
predicted nor completely understood by present theory. 

Dr. G. H. Bamford {MaidenJuacI^ said : We have recently determined 
the absolute propagation constants for st}rcene, vinyl acetate, and methyl 
methacrylate. By using these in conjunctimi with Table I of Mayo, 
Lewis and Walling's paper, we obtain values (p. 318) for the absolute 
" propagation " constants at 60° c. for these radu^ and a number of 
monomers. 

The table on the next page is interesting in that it allows a quantitative 
comparison between the reactivities of a given monomer and the three 
radicals. (Obviously comparison of the figures in any one vertical column 
gives no information other than that which could be obtained from Mayo, 
Lewis and Walling's table alone}. Two features may be mentioned. 

(i) The general order of reactivity of the radicals is vinyl acetate 
> methylmrthacrylate > styrene, Tlds is the expected order (df. NozaM), 
the efie^veness of substituents in stabilising the radicals being in the 
order CjHj > — COOMe ^ Me > MeCOO^ — 

(a) The very high values of the propagation constant of vinyl acetate 
radicals with styrene, methyl methacr}’!^, vinylidene chloride a^ diethyl 
fumarate are noteworthy. These approach the value normally associated 
with termination constants. 


:ili 
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GENERAL DISCUSSION 


It is very gratii^dng to hear that Prof. Melville’s values for methyl 
methacrylate agree with our own, and that he agrees with our view that 
a catalyst is produced by irradiation of methyl methacrylate. As regards 
the chemical nature of the catalyst we have no direct evidence, but incline 
to the view that it may be an active dimer. We are, however, working on 
this subject at present, and hope to be able to give our results later. 

Absolute Propagation Constants at 60“ c. 


Memomerr^' ^ Radical. 

Styrene. 

Vinyl Acetate. 

Methyl 

Methacrylate. 

Butadiene 

75 


710 

Styrene .... 

59 

2 * 6 X 10 * 

386 

Me methacrylate 

1 14 

1 * 8 X 10 * 

177 

Me vinyl ketone 

203 



Mefhaciylonitrile 

197 


265 

Aoylomtrile . 
/ 3 -Chloroethyl acrylate 

147 

109 

4*3 X 10* 


Methyl acrylate 

79 

2*6 X 10* 


VinyUdene chloride 

29*5 

2*6 XIO* 

70 

Methallyl chloride . 

2*7 

2*0 X 10* 

24 

Methallyl acetate 

Vinyl chloride 

0-83 

3*5 

I*I XIO* 

18 

14 

Vinyl acetate . 

i*i 

2*63 X 10* 

8*9 

Jso^tene 




Vinyl ethyl ether 

0*66 

8*8 XIO* 


Allyl (diloride . 

1*9 


4*3 

Ahyl acetate . 

o*C6 

4*4 XIO* 

7*7 

Maleic anhydride 

5900 



Diethyl fumarate 

197 

2*4 X 10* 


Diethyl maleate 

9-1 

1 * 5 X 10 * 

8*9 

Trichloroethylene 

4*5 

4*0 X io» 

2*3 

rrofu-dichlorethylene 

1*8 

2 * 7 X 10 * 


Cis-dichlorethylene . 

0*26 

4*2 X 10* 


Tetrachloroethylene 

0-32 

3 * 9 X 10 * 



Perhaps I may mention one further feature of the methacrylate polymer- 
isation, viz., the production of an inhibitor on warming, or even spon- 
taneously on standing at room tmnperatures. When methyl methacrylate 
is irradiated in a viscometer at room temperatures, polymerisation pro- 
ceeds rapidly for some timo after the light has been cut ofi. (This is 
indepondent of the normal pholochemic^ after-eftect.) On heating to 
loo** c. for a few minutes and cooling, the polymerisation is arre^d. 
This may be due to destruction of catalyst or formation of inhibitor. 
Compelling evidence for the latter seems to be the observation that if 
after irradiation the vapour alone is heated, the reaction is also arrested. 
Eventually, after an induction x>eriod, it proceeds again. It is difficult 
to find any alternative interpretation of this effect. 

The formation of inhibitor on heating has bearing on a recent paper 
by Dr. Walling. WaUiag finds that the initiation reaction in the thermal 
polymerisation of methyl methacrylate at temperatures in the neighbour- 
hood of 100“ c. has a very low frequency fa^or, i. It seems likely 
that this may be attributed to the formation of inhibitor in his experiments. 

Einally the photopolymerisation gives some information as to the 
activiiy of the allyl racial. It has been stated that this radical is very 
inactive, and cannot enter into propagation reactions with monomers. 
Our eicperiments seem to show that it reacts readily with methyl metha- 
crylate. A substituted allyl radical is presumaUy formed by chaiu 
transfer with methyl methacrylate. If this did not react it is unlikely 
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that our results would conform as well as they do to the kmetic equations, 
which are worked out on the assumption that all the transfer radicals 
react. Reference to Kg, i of our paper shows that the and 

observed rates agree satisfactorily for hght intensities varying a &ctor 
of ro*. 

Dr. C. H. Bamford [Maidenhead) [communicated) : The method of 
Bamfbrd and Dewar may be used to investigate copolymerisation. 
Determination of Atjldt over a range of light intensities, for different 
proportions of the two monomers A, B, together with analysis of the 
copol3rmei3, wiU give the following information for two monomers of 
wMch the individual constants are known : 

(1) the rate of " crossed ” thermal initiation, A'i(A) (B ) ; 

(2) the crossed termination constant ; 

(3) the total chain transfer ]^r kinetic chain ; 

(4) the value of the Staudinger constant as a function of the com- 
position of the copolymer. 

The production of initial centres in the thermal reaction haa received 
comparatively little study, and (i) above should provide interesting results 
espeKuaJly with pairs of monomers having different donor-acceptor 
properties. 

Since in addition the crossed propagation constants are known directly 
from the copolymer compositions and individual propagation constants, 
it will be (dear that Z2 of the 14 vdocity ccmstante may be determined 
absolutely. The re mainin g two (transfer) constants are not separate, 
but a relation between them is obtained which determines (3) above. 

Mr. G. Dixon-I/ewls [Maidenhead) said: I should like to talrft this 
opportumty of communicating 
the results of some preliminary 
determinations I have recently 
carried out of the velocity con- 
stants in the polymerisation of 
vinyl acetate at 0° c., using the 
me^od of Bamford and Dewar 
(p. 310). The values obtained 
for the constants are : 

Aa (propagation) = 1800 
A, (transfer) = 0*123 

A4 (termination) = 2 x 10". 

The rate in the absence of 
ultra-violet light is indistin- 
guishable from zero, and 
(spontaneous initiaticm) is zero 
or very small. 

It is interesting to compare 
these results for and with 
those recently published by 
Bartlett,^ and by Burnett and 
Melville,* who both used sector 
methods for determining the mean life-time of the active particdes. 

Bartlett (25° c.). S. ajtd M, (15*9® c.). Ours (o® c.). 

Ai . . . . 1,100 700 1,800 

ft* . . . . 8 X 10’ 3 X 10* 2 X 10* 

* NoxaJd and Baraett, J. Amer. Cham. Soe., 1946, dS, 2377 ; Swain and 
Bratlett, ibid., 1946, 68, 2381. 

• Bnmett and MelvUle, Proc. Roy, Soc, A, I947> *89, 456 
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The present results agree satisfactorily 'with those of Swain and 
Bartlett, but Mel'ville’s value for the termination is much higher. This 
may be due to two causes. 

(a) The chief reason is probably that mentioned by Swain and Bartlett 
that the light used by Melville (who employed a 50% acetic acid j&lter), 
is half absorbed by pure vinyl acetate in a distance of 2*3 iriTn , ©r Iftss ] 
whereas the length of liis cell was 4*0 cm. This means that all the active 



particles are con- 
centrated in a 
small portion of 
the reaction ceU. 
Further, Melville's 
light absorption by 
the monomer is 
much higher than 
that recently mea- 
sured by us on the 
fractionated pro- 
duct (Fig. i). It 
is possible that his 
product contains 
small amounts of 
acetaldehyde or 
other impurities. 

It might be 
mentioned that in 


the present work it was necessary to use a hot 50 % acetic acid filter to 
produce a high enough light intensity for the application of the method 
with the mercury arc employed. Such a filter lets through 2650 a. and 
a very small amount of light of shorter "wave-length do-wn to 2550 a. This 
might explain the fact that our "mine for ft* is slightly higher thrm Bartlett's. 

(6) In view of the absorption spectrum we have just measured for 
quinone (Fig. 2, which also agrees witii the published one by Klingstedt *), it 
would seem that this substance may exert an internal filter effect at ^e 
wa'velengths used by MelviUo, e.g. at 2900 a., e is about 300, and a con- 
centration of about 0*004 M. or 4 mg. in 10 cc. can absorb as strongly in 
this region as the 10 h. -vinyl acetate. Therefore, unless light ab^bed 
by quinone acts with a quantum efiiciency of unity and prevents it from 
acting as an inhibitor, the inhibitor method of counting rate of chain 
starting is open to question. 

Dr. M. J. S. Dewar {Maidenhead) {communicated) : During this Dis- 
cussion the problem of r^cal termination has been raised several times. 
I should like to point out that the work of Bamford and De-war recited 
here (p. 310) shows quite unambiguously that in the polymerisations of 
styrene and of methyl methacrylate, termination occurs by disproportion- 
ation and not by combination. It is easily shown that in these reactions, 
where double-headed radicals are involve^ the molecular weight of the 
polymer would be virtually independent of the rate of initiation if ter- 
mination took place by combination of radicals ; our results show that 
the molecular weight varies greatly with the rate of initiation, and in 
the manner calculated for di^roportionation. 

This result throws some doubt on the condnsions of Prof. £-vans and 


his collaborators, who found that methyl pol3miethacrylate, prepared by 
the action of OH radicals, contains two OH groups per molecule of 
polymer. Possibly termination in their system in-volved combination 
of %droxyl and polymer radicals. 

'These points -will be discussed in more detail elsewhere. 

Dr. J. "Weiss {Newcastle) said : The question of the magnetic pro- 


■ Klingstedt, Compt. rend,, 1923, 176, 1550. 
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perties of certain organic molecular compounds has been raised. If 
the two component molecules are originally in a diamagnetic state then 
the electron transfer should result in the formation of " odd " ions, each 
mth a spin magnetic moment {s ^ 1) ii one assumes only a loose coupling 
between the electrons and the rest of the molecule. It is found, however, 
that most of the molecular compounds in the solid state are diamagnetic. 
If, on the other hand, one can get them into solution one observes para- 
magnetism as, for instance, the alkabne solutions of the duroquinone 
quJj^ydrones are paramagnetic (Michaftlis). It is thus most likely that 
in the sohd state the lowest state corresponds to a quenching of the spins 
i.e. the paramcgnetism is quenched by “exchange demagnetisation”. 
To settle this point one would have to show, however, that the exchange 
integral is negative in this particular case. Although a detailed calculation 
is very difficult to carry out, it is, however, conceivable that this might 
be the case as one can replace the system {a) by the system (&), 


1- 1- 



which latter represents closed shells with two electrons outside which 
would lead to an exchange integral of the Hg-molecule type. This makes 
it very likely that the lowest state is the one with quenched spins. In 
the ci^als one also has a high ” magnetic concentration ” which favours 
“exchange demagnetisation”, while in solution — e.g. £jkaline solutions 
of quiohydrones where the dimerisation is suppressed — one should expect 
paramagnetism, which is in agreement with the experimental observations. 

Prof. M. G. JE^vana {Leeds) said : The experimental results and the theo- 
retical discussion presented in this section seem to illustrate in broad outline 
the general principles enunciated in the introductory paper, namely, that 
there are th^ ef ects operating in determining the activation energy of 
reactions between radicals and monomers. These are (i) the heat of 
reaction, which can be related to tiie resonance energies of the radicals 
and the monomer, (ii) the character of the repulsion energy between the 
radical and the monomer and (iii) the resonance energy of the transition 
state. The details of this broad scheme have now to be filled in by deter- 
mining activation energies for the radical reactions and the dissociation 
energies of the particular bonds involved. Dr. Dewar has referred to 
calculations he has made on tiie influence of substituents on the resonance 
energy in the initial and in the transition state using the method devdoped 
by l^uling and Wheland in which a substituent was assumed to have an 
effect on Ihe electron affinity of the carbon centre to which it was attached ; 
we* have carried out similar calculations for polymerisation steps. 1 
feel, however, that the most important feature of such a treatment is 
tiie influence of the substituent on the electron distribution and hence 
on the coulombic interaction between the reaction centres. Our experi- 
ence is that in many cases this term is much more important than the 
influence of the substituent on the resonance energy. In saying this, 
one is not denying the influence of substituents on ^ resonance energy 
in the transition state, but m this connection I think it is important to 
notice that in the work reported by Mayo and Walling it seems to be in 
those cases where ionic forms of the transition state have a low energy 
or are rdatively stable, t^t major effects are introdnced. 

4 See Seaman, TAesis (Leeds University); Evans, Geigeley and Seaman 
(in press). 



B.~CHAIN TRANSFER AND INHIBITION. 

THE DETERMINATION OF TRANSFER CO- 
EFFICIENTS IN POLYMERISATION REACTIONS. 

By G. M. Burnett and H. W. Melville. 

Recaived ‘z 6 th June, 1947. 

Since ethylenic polymerisation reactions are predominantly jEree radical 
in character the presence of solvent will, in most cases, modify considerably 
the coarse of the polymerisation. Chain transfer, whereby a reaction be- 
tween the growing polymer radical and a solvent molecule results in the 
production of an inactive polymer molecule and a new radical from the 
solvent residue, was first suggested by Flory,^ but little use has been made 
of this concept in the study of polymerisation reactions in solution. The 
systematic investigation of the kinetics of this type of reaction appears 
to present a convenient method of gaining a great deal of information on 
the nature and reactivity of free rachcals and is also closely bound up with 
the problem of copolymeiisation and the action of retarders. 

RLa.yo * derived an expression, from which one may, having determined 
the mean degree of polymerisation, obtain the value of the ratio of the 
transfer to the propagation coefldents, but the expression is limited in 
its applicability to those reactions in which the rate of initiation is pro- 
portional to the square of the monomer concentration. This relation^p 
does hold in the case of the thermal polymerisation of st3rrene and, from 
data on the degrees of pol3rnierisation of styrene prepared in drSerent 
solvents, much information on transfer reactions was obtained. There 
was, however, little investigation of the dependence of the rate of polymer- 
isation on the concentration of the monomer which, as it turns out, is an 
important criterion of the nature of the intermediate free radical. 

The radical formed as a result of the transfer reaction may fell into 
one of four distinct classes, although there is the possibility that there 
may be some overlapping of these closes. 

(1) The radical may be relatively unstable and, therefore, of consider- 
able reactivity so that it reacts quickly with the monomer to initiate a 
new chain of polymerisation. Thus the time between the stopping of 
one chain and the starting of the next is very small and the rate of re- 
action is not relativdy reduced by the presence of the solvent. This 
may also be argued from the fact tiiat the solvent, by taking part in the 
reaction, prevents the normal chain-terminating mecha^m from operating. 

(2) If the radical formed is very stable &en it may add on to the 
monom^ only very slowly so that there is an appreciable time lag in the 
overall propagation of chains. This time lag will depend primarily on the 
degree of stability of the free radical and on the inherent reactivity of 
the monomer and, as a r^ult, the overall rate of pol3rmerisation will be 
relatively reduced. 

(3) The radical may be incapable of the initiation of fre^ ch ains and 
is eventually removed by reaction with another of its kind. 

(4} In this case the radical is again incapable of the initiation of new 
chams but is removed by interaction with an^er growing radicaL Th^ 
two classes fell into the general theory of retarders and are, therefore, of 
little interest here. 

Flory, J. Anur. Chtm. Soc., 1937, 59, 241. 
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It should be noted that the kinetic chain length in the case of a pure 
transfer reaction, is unaflEected by the presence of the solvent although 
the degree of polymerisation "will fall smce each kinetic chain will be 
represented m the heterodisperse polymer as a number of polymer mole- 
cules each forming a part of the kinetic cham. The number of breaks 
in the kinetic chain must obviously depend on the absolute rate of the 
transfer and propagation reactions. 

Since the individual values of the initiation, propagation and ter- 
mination coef&cients have been determined for vmyl acetate it now be- 
comes practicable to investigate transfer with this molecule. Further, 
as will be shown below, the absolute value of the transfer coe£5.cieiLts can 
be determined and a method is suggested for determining the absolute 
values of the coefficients for the reaction of the radicals produced from the 
solvent molecules with the monomer when these coefficients are smaller 
than a certain value. 


Kinetic Analysis. 


It is possible to investigate fairly fully the kinetics of this type of 
reaction from a theoretical standpomt. The assumption is made that 
the vdodty of any reaction involving the monomer or solvent molecules 
is proportional directly to their concentrations. Experiments with ethyl 
acetate solutions quantitatively confirm this (see Table I) . The following 
reactions are considered as representing those which may occur m a system 
polymerising in solution ; the S 3 mibols employed have the following 
mwaniTig ; denotes an active pol 3 rmer molecule of n monomeric units 
and Mm is the corresponding dead polymer, whether it be produced by the 
normal termination mechanism or by some transfer reaction, AS is a mole- 
cule of solvent and S — is the free radical from the solvent. 


(a) Initiation. 

{b) Propagation. 

(c) Transit to monomer. 

{d) Transfer to solvent. 

Restarting of chains. 

(/) Termination. 

(jg) Removals of free radicals. 


M = Pi 

I 

M + P. - P,+i 


M H- P, - M. -F Pi 

AfM 

Pm AS = Mm -H S- 


M 4 - S— = Pi 

A. 

Put + P» = 

*m«n 

2 S— = ? 

k. 


There is also the possibility of the reaction 
P. + S M. 

which will be ignored here since it fiills into the category of an inhibition 
reaction. 

Cask I. If transfer alone occurs and a stationary state has been 
established we will have 

d(P0/d< = / + *.(S-)(M) + (M) - MPJtM) 

- *,.(P0(M) - Aft(P.)(AS) - ® 

and generally, 

d(P.)/d( - ^„(P..,)(M) - *i^.(P.)(M) - A„(P,)(M) - A/.(PJ(AS) 

The addition of these equations to infinity leads to 

J + i.(lt)(S— )- (AS) 5 ; V.(P.)- {2 *».(?.)}' = o- • W 

Also, if a stationary state exists, then 

d(S— )/d/ = (AS) 2 V,(P.) - Am(S— )(M) - A.(S— )* = o. 
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In the first place wc shall consider that the last term of this equation 
IS insigmficant, i.e., all the S — radicals are used in the starting of fresh 
chains, so that, 

(AS) 2 - i.(S-)(M) = o 

and so = 2 

The overall rate will bo given by 

- d{M)/d< = (M) 2 *p.(PJ -+ A,(M)(»-) + (M) 2 *,,(P,) 

= (M){2*a.(P0 + + 2 *a(P-)(AS)- 

Now, since it has been shown that, at least for long chains, 

kfnt, = 

are r^ationships which are independent of molecular size, we have 

- d(M)/d/ = (M)J*{8 -j- y + ^(AS)/(M)}. 

Casb II. Tf the free radicals are incapable of initiating new chain? 
then it is evident that in the extreme case in which all the chains are stopped 
by a transfer mechanism 

d(P0/d< = / + (M) 2 - *„(P0(M) - A.j(Pd(M) - (AS) = o 

and 

d(P.)/d« = ^.^(P.-,)(M) - A,„(P.)(M) - *,.(P.)(M) - V.(P.)(AS) = o. 
Adding these equations, as before, 

//(as) = 2;*/.(p.) 

and from this the irate of polymerisation can be shown to be 
- d(M)/<h = (M)/{AS) (/M)(8 + y). 

Case III. In this case there is a partial loss of the intermediate free 
radicals by combination with their own kind. The stationary state 
equations will be as for case I but, in this instance, the equation governing 
the concentration of the intermediate free radicals will be a quadratic 
whose solution is 

/i - [l +4A,(AS)TS/,(P.)/A.>(M)»]»1 
(S— ) = -hMY L ^ j 


If, as may occur imder certain conditions, the second term under the 
square root is less than unity a binomial expansion is possible to give 


(S-) 


{AS)^»,,{P.) A.(AS)-{2;*/.(P.)}* 

A!,(M) V{M)* ^ 


Substituting this value for (S — ) in equation (i) we have 




This expression leads eventually to 

- d(M)/di = *:^j^l+l?(M)/(AS) + i} - r. 

It is evident from the results that in Case I the overall rate is proportional 
to the square root of the starting rate, in Case II, to the first power, and 
in Case III, to some power, n, where J < n < i. 
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Experimental Results. 

In the case of straightforward tiansfer reactions it has been shown that the 
rate of polymerisation is given by 

R = (M)/i{8 + y + ^{AS)/(M1>. 

Now, J = /i,(R )(M) 

where (R ) is the concentration of the free radicals deiived from the catalyst 
Hence if the catalyst concentration is kept constant at a given temperature 

I = if»(M) 

so that R = iir(M)»«(S + y + ^ (AS)/(M)). 



Fig. I — R as a fonction of (AS) /(M) for normal transfer solvents 

I Giloxoform , II Carbon tetrachloride ; III Ethyl acetate 

Hence RfM*^ plotted as a function of (AS)/(]!i^ will give a straight line whose 
mtercept wiU be E'(8 + y) and whose slope is Ki^ In the case of the bulk poly- 
mensation of vmyl acetate it has been shown that there is no detectable transfer 

TABLE I — ^TRANsrBR CoE3reicnBKT8 in 
Vahiotjs Solvents. 



Rate 

mol./l./bcc. 

RjMin. j 

bf 

1 /mol /^c. 


Chloroform. 


0-000 

2-58 X 10 -* 

8 33 Xio-« 

— 

0-314 

1*95 X 10 -* 

8-78 X IO-* 

195 

0-837 

1-39 X io“* 

9 50 X I 0 -* 

220 

1-884 

9 30 X io“* 

1-13 XIO-* 

216 


( 207 ) 


Carbon TeiracMortde. 


0-000 

2-24 X IO-* 

7-12 XlO“* 

— 

0-257 

1-72 XIO“* 

7-70 X 10 -^ 

407 

0-686 

1-22 X IO“* 

8 76 x 10 “* 

435 

1*545 

8-90 X IO-* 

i-ii xio“® 

440 

( 430 ) 


Ethyl AcetaU. 


0-000 

2-56 X io“* 

8 - 09 X 10 -* 

— 

0-258 

1-90 XlO“* 

8-07 X io“* 

— 

0-688 

1-33 Xio“* 

8 - 17 x 10 -* 

— 

1-548 

0-66 X io“* 

8-19 X 10 -* 

(<^*5) 


so that it may be assumed that 8 ^ y 'When (AS) /(M) is zero we will have the 
value of K, sinoe we know the experimental value of 8 at 54*6° c. is 2*7 X lo-**. 
Bence ^ and, therefore, kf beoDme measurable 
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Fig, I shows plotted against (AS)/(M) for the peroxide-catalysed poly- 

merisation of vmyl acetate in ethyl acetete, chloroform and carbon tetrachloride 
at 54'0° c. Using the methods of calculation of hf set out above the results 

shown in Table 1 may be 
found. In this table tibie in- 
dividual values for kf in the 
case of ethyl acetate solutions 
are not given since the overall 
change in the values of the 
third column lie well within the 
expected experimental error so 
that very small deviations will 
be too greatly magnihed for 
the results to have any signi- 
ficance. In Table 1 also the 
mean value of kf, obtained 
from the slopes of the graphs 
of Fig. I are given in brackets. 

From th^se results it is 
evident that the free radical 
derived from carbon tetra- 
chloride, CClg — , is capable of 
initialing cluuns although 
Mayo * has doubted that this 
is possible. If no chain initia- 
tion had occurred then it is 
evident that the linear depend- 
ence of would not have 

held. This dependence simul- 
taneously proves the existence 
Fig, as a function of (ASW(M) for ©f transfer and also that the 

aromatic solvents. I Benzene ; II Toluene ; rate of polymerisation is pro- 
III Chlorobenzene. portionall to the square root of 

the catalyst concentration. 

Each of the solvents which have been described would give rise to inter- 
mediate free radicals which would be elected to be comparatively active, so a 
series of solvents was examined whose residues woifid give relatively stable radicals. 
The solvents used were 



benzene, toluene and 
chlorobenzene whose action 
is evidently different from 
that just described, as will 
be seen from Fig. z. 

From this there must 
be cither an inhibitory 
action by the solvent due 
to the fact that the inter- 
mediate radicals fall into 
class (3) or (4) or that the 
time-lag between the cessa- 
tion of one chain and the 
initiation of the next has 
become appieciable owing 
to the inability of the sol- 
vent radical to propagate 
c hain s rapidly, i.e. class (2). 
To test this point some ex- 
periments were carried with 
toluene solutions to find the 
dependence of the rate of 
polymerisation on catalyst 
concentration. The results 
In neither case are the 


TABLE II. — Effect of Catalyst Concentra- 
tion ON Rate in Toluene Soluhon. 


Catalwt Cone, 
mol./l. X io>. 

Rate 

m(d./l.ysoc. 

X 10 *. 

RICit 

X 10 *. 

RIC 

X 10». 

80 % monomer by volume in toluene. 

6*25 

6'bO 

8*32 

10*50 

X2-30 

9*21 

8.51 

7*39 

i 5 '<jo 

Io*8o 

8*67 

6*94 

25*20 

15*30 

9*66 

6-o8 

50*40 

20*30 

9 *08 

4-04 


40 % monomer by volume in toluene. 


25*20 

2*64 

1*67 

10*51 

50*40 

3*90 

1*75 

7*74 

75*60 

4*58 

1*65 

6*04 

zoo*8o 

5*31 

1*67 

4*94 


of these experiments are shown in Table II. 
values in the third column much removed from 


constancy so that it may be deduced that the rate of polymerisation is propor- 
tional to the square root of the catalyst concentration, which that the final 

Bto]^piiig of the chains is by the normal mutual destruction of two of the growing 
chains . It is evident from the curves of Fig. z that ihe same method of calcula- 
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tion of hf cannot bo used m this case as for the straight-chain compounds. The 
calculation can, however, be effected in the following manner. 

If P IS the degree of -i? 

polymerisation of the TABLE III. 

polymer produced m the 

solution and Pq Monomer. (.\S)/(M). Mol. Wt. (i/P)Xio«. 

polymer formed in bulk 

-with the same catalyst 

concen-tration and tern- ° 240,000 3-91 — 

perature, it is easy to 0*281 180,000 4'7® 0*42 

show that, providing the 0*750 110,000 6*89 0*38 

conversion is not great, 4’o 1-085 85,000 10*20 0*41 

i/P — Hence the mean -value of kf is 0*40 ± 0*02. l./mol./sec. 

where (M) and (Mg) are the concentrations of the monomer in solution and in 
bulk respectively. The molecular weight of -the polymer produced -was meas-ured 
osmometrically and -the folio-wing residts were found for benzene. 

Discasslon. 

The foregoing results indicate that -the nature of -the free radical formed 
by the -transfer to -the solvent plays an important part in the course of 
the reaction. So far, however, we have been unable to assess quantita- 
tively the effect of iiie radical which involves the determination of -tiie 
fundamental quantity, A,, the velodty coefficient for the addition of the 
radical to the monomer. If k, is low then we should expect -that this 
step would become a rate-controlling stage in the reaction, which has 
been shown to be true in the case of the aromatic solvents. Qualitatively 
the description of the phenomenon is not difficult. 

The ultimate determination of tiie value of A, appears to lie in the 
use of a sector technique with the added consideration that a photo- 
sensitiser may be required to start the chains in order to overcome the 
possibility of intern^ ffitering. The investigation of photosensitilsers 
does not appear to be ffir enough advanced to make their use generally 
applicable. If a sector method was used then the lifetime of the kinetic 
chain -would be determined, i,e. the time from the initiation to the eventual 
termination of the chains by mutual destruction of two of the growing 
radicals. If the lifetime of chains in bulk is known then the lifetime 
in solution may be calculated on the assumption that the solvent acts 
merely as a diluent. The difference between -this calculated value and 
the measured one will give the total time-lag due to transfer and from a 
knowledge of the average number of breaks per chain the lag per break 
can be found and hence A. can be calculated. It is obvious that the deter- 
mination of kg for a number of solvents using the same pol3rmerisation 
system, would lead to a method of determining the r^tive activities of 
the free radicals involved, but it is unlikely that the present technique 
will be able to cope with cases in which the -value of A. is high. 

We -wish to thank the Department of Scientific and Industrial Research 
for granting a senior award to one of ns (G. M. B.). 

Summary. 

The polymerisation of vinyl acetate in a number of solven-ts has been studied 
-with a view -to de-termining -the absolu-te -values of -the reaction -velocity coeffiden-ts 
for the transfer reaction. Two methods of calculation are described, the xaetihod 
applicable depending on -the solvent used. The reason for -the difference in be- 
haviour appears to be that in the case of the riiort-chain compounds the radkaJs 
pxodneed 1^ transfer are highly reactive, whereas in the case of aromatics -the 
radicals are relatively inactive so that -there is a lag in the propagation of -the 
polymerisation chams. This is some-what like -the action of a retamer but the 
ovmall rate of polymerisation is proportional -to the square root of the con- 
centration of the ca-talyst, so -that -the -termination of the kmetic chains must occur 
by mutual termination. 
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R£8um6. 

La polymerisation de I'acetalo do vinyle a did dtadide dans nn certain 
nombrc de solvants cn vuc de determiner les valeurs absolues des coefficients 
do vitesse pour la rdaction do transport, on dderit deux mdthodes de calcul, qm 
ddpondent du solvant employe — ^Ics differences do comportemont penvent dtie 
oxpUqudes si Ton suppose quo los radicaux produits par tmnsport sont hautemeut 
r^tifs dans lo cas des composes chainos courtes, tandis qu’ils sont relativement 
inactifs dajos le cas des composes aromatiqnes, de tello sorto qu'il y a retard 
dans la propagation de la ch^o dc polymmisatdon. 

Zusammenfassung. 

Die Polymerisation von Vmylacctat wurde m ciner Reihe von Ldsungsmitteln 
untersucht, um die absoluten Werte der Geschwindigkeitskooffizienten fur die 
Ubertragungsrealction featzustellen. Ziirei Beredmungsmethoden — ^je nach der 
Art von Lbsungmittel — werden beschrieben. Das verschiedenartige Verbalten 
wird daduTch erkl&ct, dass angenommen wird, dass die durch Uberiragnng 
orzcugten Badikale im Falle von kurzen Kettenverbindungen hochreaktiv smd, 
aber dagegen ftir aromatischo Vorbindungen vorh&ltnismassig unreaktiv smd, 
sodass id diesem Fall eine VerzQgonmg in der Foripffanzung der Polymerisations- 
kotten eintritt. 

Chemistry Department, 

Marischai College, 

Aberdeen. 


CHAIN TRANSFER IN THE POLYMERISATION 
OF STYRENE III. THE REACTIVITIES OF 
HYDROCARBONS TOWARD THE STYRENE 
RADICAL. 

By H. a. Gregg and Frank R. Mayo. 

Received 6 th Augwt, 1947. 

Tho object of the present -work is to compare iffte relative reactivities 
of tivelve hydrocarbons toward tho substituted benzyl radical in polymer- 
ising styrene and to discuss the effect of hydrocarbon substituents on the 
ability of a carbon-hydrogen bond to undergo chain transfer with this 
radic^. Assuming a simple competition between monomer and solvent 
for the polymer r^cal, an earlier paper ^ correlated the reactivity of a 
solvent with the molecular weight of tho resultant polymer in uncatolysed 
polymerisations by the equation 

I/P = C[SX]/[M] + i/Po . . . . (I) 

where P is the average degree of polymerisati^ attained at solvent and 
monomer concentrations, [SX] and [MQ, where Pq is the degree of polymer- 
isation in the absence of solvent, and where C is the transfer constant, 
dependent on the solvent, monomer, and temperature used. Since the 
transfer constant is the ratio of the rate constants for chain transfer and 
chain growth for the radical considered, the relative reactivities of solvents 
toward that radical are in the same ratios as their transfer constants. 
After application of the equation to limited published data had given 
encouraging results,^* * the relations were given a thorou^ test in the 

1 Mayo, J. Amer. Chem. Soc., 1943, 65, 2324. 

> Similar developmaats were publish^ almost simultaneoualy by Hulbert, 
Harman, Tobolsl^ and Eyring, Ann. N.y. Acad. Set., 1943, 44, 371 : and by 
Medved^, Eoritskaya and Alekseeva, J. Physic. Chem. V.S.S.R., i 943 > 39 i- 
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polymerisation of styrene in CCI4.* These experiments agreed with 
eqn. (i) within experimental error over solvent /monomer ratios from 
0-2 and average degfrees of polymerisation from about 9000 to 50. Similar 
equations * and principles apply to peroxide-catalysed polymerisations.* 

Experimental. 

Materials. — Styrene was prepared for use as described elsewhere.^ The 
purest commercially obtainable hydrocarbons (if hqni^) were freed of peroxides 
by refluxing with sodium ; they were then distill^ from sodium or potassium 
through a 1-m. helices-packed column in an all-glass still under an atmosphere of 
mtrogen. The total boiling-point range of the fractions used is given below ; 
thermometer readings are usually uncoirected. Refractive indices, n^, as 
listed by the National Bureau of Standards.* are included in parentheses for 
reference. 

Benzene : 78*8-79-o“ at i atmoa., *1“ I’soog for 60“ experiments ; 8o-o® 
at 764 mm.. 1*5012 for 100“ experiments; and, 79*2“ at 762 mm., 
1*5017 for 133“ experiments (1*50110). 

ter<-Butylbenzene : 167*7-168*0 at 764 mm., «|)* 1*4965. 

Toluene : iio*o“ at 758 mm., i*4957 (i'49682). 

Ethylbenzene : 132*0-132*2“ at 750 mm., 1*4957-1*4959 for 60“ experi- 
ments ,* 134'6“ at 758 mm., -n|)® 1-4959 for 100“ and 132“ experiments (1*49580). 

*so-Propylbenzene .* 151*4-151*9 at 1 atmos., 1*4910-1*4912 (1*49125). 

Cyclohexane .* 79*8“ at 765 mm., «” 1*4262 (1*42623). 

11-Heptane : 97-0“ at 764 mm., nn 1*3876 (1*38764). 

Tetralin : 92*7“ at 19*5 mm., 1*5410. 

Immediately before use these liquids were redistilled from sodium or potassium 
tmder nitrogen using a Vigxeux column. The solids were repeatedly crystallised 
until they possessed a shs^ melting point. 

Proc^ure. — ^The procedure followed that described elsewhere.* Weighed 
quantities of styrene and the hydrocarbon in glass ampoules were thoroughly 
^gassed and sealed imder high vacuum. No catalyst was employed. After the 
reaction period, the polymers were precipitated with methanol and dried. From 
the intrinsic viscosities in benzene at 30“, the degrees of polymerisati o n were 
calculated by use of the relatioii,t * 

» 184,000 [■9]^*”’' = 104P . . . * (2) 

Degrees of polymerisation were taken as (number average molecular weight) /104, 
corrections for end groups being negligible in the present paper. 

Results and Discussion. 

Experimental results are collected in Table z £uid in some cases the transfer 
constants were determined graphically from Fig, 1-3. The best values of the 
transfer constants axe then summarisea in Table II. The conversions of m o nomer 
to polymer were small enough to ^rmit use of the differential eqn. (i). The 
overall second-order rate constant^ (Ai), show that the rate constants for chain 
ioitiation and termination (in i/Pq)^ chain growth axe substantially 

* Gregg and Mayo, paper submitted to J. Anur. Chetn. Soc. 

* Eqn. (i) does not ajiply to low degrees of polymerisation because its 
development neglected consumption of monomer by solvent radical (A[S*][&Q, 
equal to A4[R*][SX])^. When this addition is made, and all chains axe assumed 
to end by transfer, then ? = ([hq/C[S3q) -f 1. Study of very low molecular 
weight products from styrene and carbon tetrachloride has shown that the 
shortest radicals have abnormally low transfer constants. Neither of these 
considerations axmli^ in the present paper. 

*Forziati, Glasgow, Wellingham and Rossizd, Bvr. Stand. J. Res., 1946, 
36, 129. 

t We axe indebted to Dr. R. H. Ewart, H. C. Tingey and M. Wales of these 
Lab^toiies for establishment of this relation. 

t Volumes were calculated from weights of reagents and literature values of 
densi ti es at 20°. 

L* 
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independent of the solvent and length of the radical. Occasional e:q)eriment8 
showed very large rate constants and were rtjected as containing accidental 
impurities. «-ITeplanc, which precipitated polystyrene as it formed, gave lower 
rate constants at higher solvent concentrations. While these observations throw 
some doubt on the appheability of the method in this solvent, the transfer con* 
stant IS nuvertlieless indoiiondent of solvent-monomer ratio. The somewhat 
higher rate of polymerisation in diphonylmothane may be due to a retained trace 
of peroxide and may rosult in a somewhat high value oi the transfer constant. 
Ilowuvcr, m general, the transfer constants are highly reproducible and are piob* 
ably accurate within the errors listed in Table I. 

Although the present results 
support qualitatively and ex- 
tend the results of the first 
paper, 1 there are sig nifi ca nt 
quantitative differences. The 
accuracy of the transfer-con- 
stant determinations is depend- 
ent upon the accuracy of the 
experimentally-determined 
number-average molecular 
weights. Havmg directly re- 
lated intrinsic viscosities to 
number-average molecular 
weights through osmotic mole- 
cule weight determinations and 
end-group analyses on whole 
polymers, our number-average 
molecular weight determina- 
tions should be more rehable 
than those of Schulz and of 
Suess and collaborators, ‘ based 
on the Staudinger equation and 
relating constants for homo- 
geneous and whole polymers by 
a theoretical relation not applic- 
able when chains end by trans- 
fiir. All of our degrees of poly- 
merisation are larger than theirs 
for corresponding experiments, 
Fio. X. — ^FOlymorisations of styreno is our values for polystyrene pre- 
hydrocarbons at < 5 o". pared in absence of solvent at 

loo® and 132“ being 3770 and 
1760 as compared with 2160 and lifgo for Schulz and 1900 at 100° for Suess. 
The result is that the new transfer constants lor benzene and cyclo- 
hexane arc smaller at xoo°, leading to larger experimental activation 
energies and larger differences between solvents. 

The results will now be discussed on the basis that the transfer con- 
stant of each hydrocarbon is directly proportional to the sum of the 
absolute rate constants for the reaction of each hydrogen atom in the 
solvent with a 8tyrene-t3q)e radical. Benzene and cyclohexane are the 
least reactive solvents : they have so little effect in reducing the mole- 
cular weight of styiane, especially at 60®, that their transfer constants 
are subje^ to the larg^ uncerteiinty. The higher value for heptane is 
of doubtful signifiLcance, as already noted, but tihe higher activity of 
butylbenzene, in comparison with benzene, points to an effect of the 
9 aliphatic hydrogen atoms in addition to that of the 5 aromatic hydrogen 
atoms. The transfer constant for decalin is also subject to more than the 



■ (a) Suess, Pilch and Rudorfer, Z, physih. Chem. A, 1937, * 79 * 3 ®* » 
(6) Suess and ^ringer, ibid. A, 1937, 181, 81 ; (c) Schulz, IMnglin^ and 
Husemairn. ibid. B, 1939, 43, 385. 
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iisual uncertainty, although a greater activity than the other aliphatic 
hydrocarbons would be anticipated from thi* fact that it contains two 
tertiary hydrogen atoms. 

The greater aictivity of toluene and ethylbenzene over benzene has 
previously been ascribed to the benzyl hy^ogen atom and to the in- 
creasing effect of substitution on the a-carbon atom.^ This conclusion is 
now supported by the still higher activity of isopropylbenzene, with a 
tertiary benzyl hydrogen 
atom, and the low activity 
of fef i-butylbenzene, with no 
benzyl hydrogen atom. This 
conclusion is confirmed by 
the recent work of Kharasch, 

McBay and Urry « who have 
shown that the radicals from 
decomposing acetyl peroxide 
remove the a-hydrogen 
atoms from ethylbenzene 
and isopropylbenzene, leav- 
ing the sulratituted benzyl 
residues to dimerise. Di- 
phenylmethane, triphenyl- 
meth^e, and fluorene show 
an increasing activity in 
chain transfer which must 
be due to the decreasing 
strength of the methane 
carbon-hydrogen bond. The 
acidities of the hydrocarbons 
determined by Conant and 
Wheland ^ and by McEwen • 
are in the same order as 
the transfer constants. The 
identical orders are probably 
due to the same fa^rs, in- 
creasing resonance stabilisa- 
tion of the radical formed by 
loss of a hydrogen atom, or 
of the negative ion formed 
by the loss of a proton. However, this analogy between reactivity toward 
radicals and acidity is not applicable to many compounds where other 
than carbon-hydrogen bonds are attacked. 

All of the above results point to the conclusion that the bensyl h}rdiog6a 
atoms are the points of attack favoured by the radical derived from 
styrene. The products of direct bromination and of sulfuryl chloride 
chlorination of such hydrocarbons in the presence of light or peroxide 
catal37ets point indisputably to the same conclusion, > al^ough addition 
to the nucleus accompanies direct side-chain chlorination. On the other 
hand, diazotised p-toluidine and ;^-bromoaniline couple in the z- and 
4- positions of toluene to give the substituted 2- or 4-methylbiphenyls,’® 
and the decompositions of JV-nitrosoacetanilide or of benzoyl peroxide 



• Kharasch. McBay and Urty, J. Org. Chem., I 945 f *0, 401. 

T Conant and Wheland, /. Anur. Chem, Soc., 1932, 54, X2i2. 

■ McEwen, ibid., 1936, {^, 1124. 

* Kharasch et oi., J. Org. Chsm., 1938, 3, 53 ; 1941. 6, 810 ; J. Amer. Chem, 
Soc„ 1939, 61, 2142 ; Sampey, Fawcett and l^rehe^, ibid., 1940, da, 1839. 

10 G^beig and Pemert, ibid., 1926, 48, 1372. 

“ Grieve and Hey, J. Chem. Soc., 1934, ^797- 
^ Geliasen and Hermans, Ber., 1925, 4^. 
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in toluene give 2- and 4-methylbiphenyls. Aromatic radicals, then, 
do not behave like benzyl radicals or bromine atoms toiyard alkylbenzenes. 

The hydrocarbons thus far discussed range from a very low activity 
in cliain transfer to an activity comparable to that of CCl*. but even the 
latter is not veiy reactive in that the rate constant for chain transfer is 
only about i % as large as the rate constant for chain growth in the 
polyinonsatiou of styrene. Pentaphcnylethano, however, has a transfer 
constant of about 2, of the same order as tlio transfer constants of the 
inercaiitans.^* The results are complicated somewhat by the fact that 
the polymerisatum proceeded at about twice the normal rate in this 

" solvent," a result which 
may be due to peroxidic 
impurities or to shght dis- 
sociation into ra^cals.i* 
There is at present no indica- 
tion as to whether the acti- 
vity of this hydrocarbon 
lies in the ethyl-hydrogen 
or ethane carbon-carl^n 
bond, or both. 

We shall now consider 
the quantitative effects of 
substituents on the rates of 
reaction of carbon-hydrogen 
bonds using experimental 
activation energies and fre- 
quency factors listed in 
Table II. Arrangement of 
the hydrocarbons in order of 
increasing activity in chain 
transfer shows that the ex- 
perimental activation ener- 
gies for chain transfer de- 
crease in the same order, 
with one exception. Thus, 
the least activation energy 
is required to form the most 
stable radical and resonance 
contributions to the activh^ 
Fig. 3. — ^Temperature dependence of transfer ted State from the radical 
constants. being formed are import- 

ant in reducing the strength 
of the bond and the activation energy required for transfer of a hydrogen 
atom. A similar factor has been shown to be important in determining 
the rates of addition of free radicals to double bonds in copolymerisation.^* 
However, Table II likewise shows the temperature-independent factor 
to be very important in free-radical transfer reactions. Thus, the ratio 
of transfer constants at 100" for iso-propylbenzene and benzene is only 
10*9 ; the ratio would be 270,000 for a difference of 9-3 kcal./mole in 
activation energies if the frequency &ctors were constant. Table II shows 
the decrease in values of the fr^uency factor almost parallels the de- 
crease in experimental activation energy for the reaction of radicals with 
hydrocarbons, and this dependence is shown graphically in Fig. 4 from 
which is derived the approximate mathematical relation : 

(E, — E.) = 6-5 4- o*9iln (if* /A[,). . . . ( 3 ) 



Waters, Chemistry of Free Radicals (Oxford, 1946). 

“ Smith, J. Amer. Chew. Soc., 1946, 68, 2059 ; Gregg, Alderman and Mayo 
^unpublished work). “ Bachman and Osborne, J. Org. Chem., 1940, 5, 29. 

^ Mayo, Lewis, and Walling, this Discussion. 
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TABLE I. — Thbrmai. Polymkrisatiok of Styrbnb in Hydrocarbons in 

vacuo. 



Styreae 

(moles). 


0-00 (mean of several expts.) 


Experiments at 60 ^ 


Solvent 


3*43 I 
: Benzene. 


11*7 (i/Po)| 


7*07 

231-7 

1-28 

3*19 

12-8 

7*51 

356-5 

1-52 

2-69 

15-9 

5-91 

379 

1-03 

3*39 

11-8 

3-63 

384 

0-85 

3*36 

II-9 

2*gO 

520 

0*90 

2*78 

14-5 

best 


Solvent : Cyclohexane. 


4-43 

6-05 

376*6 

i-oG 

3 -i8 

12-7 

14-7 

3-54 

640 

1-00 

2 *8 o 

15*2 

5*00 

5-91 

242 

I-7I 

3*02 

13-7 

best 


Solvent : fert-Butylbenzene 


Solvent : Toluene 


Solvent : Ethylbenzene. 


Solvent : isoPropylbenzene. 


Solvent : Di^henylmethane. 


Solvent : Triphon y l m et h ane. 


0*37 
c* 64 
o 02 
0*02 
o-tS 

O'lSs: o-l 


0*33 

0-34 

0-40 

0-24 ± 0‘I 


8-26 

231*7 

1*65 

3*20 

12-3 

0-30 

9*95 

279*3 

2'49 

2*86 

i4-b 

best 

0-87 

0-6 ± 0-3 


1-97 

7*50 

231-8 

1*15 

2-90 

14*5 

4-II 

7-12 

279*4 

1*50 

2-55 

17-0 

12-43 

5*05 

476 

1-G2 

1-78 

25-9 



best 


1*4 

1-3 

1-3 

I‘25 ± 0'3 


0-70 

6-97 

136 

I'I2 

2*75 

15*5 

1-88 

6-05 

192 

1-16 

2-13 

22-2 

1-99 

7.76 

232 

1-29 

1-86 

25*5 

2*47 

7*30 

303 

1-12 

1-72 

28-3 

3*32 

7*25 

279 

1-47 

1*43 

35*7 

11-4 

6-87 

520 

2-05 

0-67 

93*2 

best 


0-96 

9*49 

231 

1*13 

2*35 

19-0 

1-66 

7-84 

232 

1-26 

1-84 

25*7 

3-08 

8-00 

330 

1*45 

1-40 

36-6 

6-22 

8-68 

449 

I -go 

0-92 

63 

best 


0-63 

14*5 

185 

2 -16 

1-79 

26-7 

1*33 

17-9 

2S1 

2-63 

1-26 

42-0 

bc^ 


23 

23 

23 ±? 


7*84 

70 

1-65 

3*26 

12-5 

11-38 

142-5 

1*12 

3*xi 

13-2 

II-OI 

140-2 

1-22 

2*75 

15-0 

8*75 

70 

1-97 

2*41 

18-4 

best 
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TABLE l.—[Cont.). 



. Yield 
(%). 

lima 

(hr.). 

(x*io*). 


I/p 

(X io»). 

c« 

(X Id). 



Solvent : 

Fluorene. 


7 - 3 I 

I 1 I ‘6 

0*85 

1-33 

39-2 

802 

7 - 8 o 

137 '^ 

0*78 

i-oo 

56-5 

822 

6-99 

95- 1 

0-99 

I'OO 

56-2 

735 





best 

750 ± 50 


Solvent : Pentaphcnylethanc. 


O'OOI 

17-7 

103 

2*40 

0-33 

228 

0-0123 

20-8 

114-5 

2‘bo 

0*075 

2030 

best 


230.000 

160.000 

200.000 ± 7 


Solvent: Decal in 


0-503 

4-75 

71-2 

1*38 

2*9 

14-4 

1-017 

4*09 

71-2 

0-84 

2-75 

15-5 

best 


Solvent : »-Heptano. 


1-35 

185 

0-30 

2*22 

20-3 

4-4 

1-44 

497 

0*40 

1*87 

25-4 

best 

4-0 

4-2 ±? 


Expenments at 100°. 

I 287 I 1-87 I 20 - 5 (i/?,)I 

Solvent : Benzene. 


5-15 

ti*i 

22-3 

35-9 

I •36 

38-0 

16*27 

13-7 

60-4 

39*2 

1*00 

56-2 

24*40 

12-7 

115-7 

29-8 

0*836 

70-5 

best 


Solvent . Toluene. 


2*80 

13-3 

22-7 

28-0 

1*21 

44-2 

2 * 8 o 

— 

22-1 

— . 

1*21 

44-2 

4*66 

II -3 

22-7 

33-9 

0*999 

56-2 

10*72 

11*6 

48-8 

33-4 

0*665 

94-5 

21*88 

9-1 

114-3 

21*9 

0*405 

176 

10*0 

10*0 

47 2 

27*2 

o*7o< 

89-0 



best 


Solvent : Ethylbenzene. 


0*47 

10*78 

7*3 

29*1 

1*48 

33*8 

1*06 

9*64 

9*6 

27*5 

1*22 

43*9 

1*92 

12*63 

16*3 

30*4 

1*01 

55*7 

4-01 

11*21 

24*1 

31*6 

0*677 

92*2 

9*10 

18*27 

91*4 

30*2 

0*411* 

174 

best 


Solvent : Mo-Propylbenzene. 


0*81 

10*3 

9*2 

28*3 

1*26^ 

42*0 

19*1 

1*10 

10*7 

11*1 

28*8 

1*14 

50*1 

21*4 


11*1 

13*1 

29*9 

1 - 03 * 

53*3 

18*6 

2*87 

12*0 

20*2 

34-8 

0*757* 

80 

18*7 

6*02 

16-8 

45*3 

42*4 

0*449 

135 

best 

21*4 

20*0 ± 1*3 
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0-0274 

0-0486 

0-052 

0-082 


Yield 

(%). 

Tiine 

(hr.). 

*1“ 

(X 10 »). 


i/P 

(X I0»). 


Solvent : Diphenylmethane. 

1 13*1 

7-5 

45-1 

1-03 

53-6 (i/P.)| 


Solvent : Tnphenylmethane. 

13-47 

6-1 

31-2 

1-66 

*9-5 

13-77 

7-1 

28-3 

1-63 

30-1 

11-0 

5-4 

29-3 

1-63 

30-1 

12-25 

5-4 

34-6 

1-52 

33-0 

best 



Solveat : Fluorene. 


0-0313 1 

10-86 1 

6-1 

1 24-3 

1 0-89 1 

65-3 

{1240 ±150 




Solvent : 

Cyclohexane. 



3-49 1 

6-00 

8-8o 

5-98 

21-3 

24-2 

1 22-1 

1 20-2 

1-56 

1-424 

32-1 

36-0 

b^t 

1*60 

1-58 

1-6 ± 0-3 


Solvent : «t-Heptane. 


0-92 

10-27 

12-8 

22-5 

1-59 

31-2 

2-78 

4-65 

23-5 

11-1 

1-04 

53-5 

7-15 

2-21 

45-8 

5-7 

0-67 

93-5 

best 


5*1 

9.7 

9*4 , 

9*5 


Solvent : Itfr^-Butylbenzene. 
45-5 I 25 I I 47*0 

Escpenments at 132**. 


i8-2 I 

0-83 

1 308 

o- 987» 

56-8 


io-8o 1 

0-73 

1 200 

0-99 

56-7 

I/Po 


Solvent : Benzene. 


12-36 

5-3 

183 

0-59 

110 

11-00 

7-1 

i6g 

0-48 

142 

10-69 

9-6 

157 

0-40 

180 

best 


Solvent: Cyclohexane. 


9-82 

3-5 

197 

0-663 

95 

8-05 

10-84 

5-5 

191 

0-542 

122 

best 

9*4 

8-7 d: 0*8 


Solvent : Ethylbenzene. 


8-24 

0-83 

224 

0-83 

71*5 

10-24 

1-4 

227 

0-67 

93-8 

11-63 

3-0 

193. 

0-46 

152 

best 


30-0 

27-2 

30-3 

29 db 5 


a Second-order rate constants in L mole-* hr.~ . 

b Intrinsic viscosity in benzene dilution at reference (3) f^ metnod- 

c " Best value " is the slope of i/? against [SX]/[&ri if plot^, otherwise is 
the wei^ted average of individual transfer constants with high dilroon 
given the most weight. Estimated max imum error is weighted by ni^l^ 
of experiments, precision, solvent range, and conformance of rate contents, Aj. 
d~i NumW average molecular weights determined Mmomotrically : d, 139,000 ; 
e, 50.600 : f, 252,000 ; g, 177,000 : A, 117,500 : *. 171.000. 
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TABLE II. — Transfer Constants of Hydrocarbons with Styrenk. 


Hydicxarbon. 

Transfer Coustant X lo*. 

Et EgO 
(kuU./ 
mole). 

In AtlAg’. 

6 o». 


133*. 

l-lcnscnu . 

O'lh 

1 -H.^ 

8 -y 

1 . 1-8 

9-o0 

terJ-Bulylbonzene 

O'b 

5*5 


13*7 

8-(37 

Toluene 

1*25 

f >*45 


lo-i 

4*03 

Eihylbenzono 

6-7 

ib’2 

29 

5*5 

— 1-27 

»5o-Propylbonzonu 

a-2 

20-0 


5*5 

— 1-09 

Diphenylmothane 

23 

42 


3*7 

-2-76 

Triphenylmethano 

35 

80 


5*1 

0-24 

Fluoiene 

750 

1240 


3*1 

0-19 

Pcntaphonyleihane 

200,000 

— 


— 


Cyclohexane 

0*24 

1-6 

8-7 

13*4 

7-21 

M-Heptano . 

4-2 

9*5 


5*0 

- 2-44 

Decaliu 

4 

— 


— 


Carbon tetrachloride* . 

900 

iSio 

3250 

4-8 

2*53 


a Calculated from the Arrhenius equation. C = where C = ht/kg 

is the transfer constant : E is the difiercnce in activation energies for clia-m 
transfer and chain growth, Et-Eg ; A, the irequcncy factor, is the ratio Af/Ag for 
the two processes. 

Only the two most reactive hydrocarbons, duorene and triphenylmethane, 
fail to fit oqn. (3). Carbon tctrachlonde, in. which transfer is not through 

a carbon-hydrogen bond, is not 
governed by the relation, and is not 
shown in Fig. 4. 

Correlations over smaller ranges 
of frequency factors and activation 
enei^es have been observed previously 
in non-radical reactions.^' Several 
hypotheses have been advanced to 
explain such conelations, but no de- 
tailed discussion will be attempted at 
this time. It may be for this senes 
that the experimental activation 
energies are lowered due to the de- 
creased bond strengths in the presence 
of substituents and that the steric 
factors from the substituents also 
lower the frequency fiictor. The 
present dependency demonstrates the 
importance of both frequency factors 
and activation energies in free-radical 
reactions and points out the difiiculties 
inherent in drawing rdations between 
reaction rates, bond strengths, experimental activation energies, and 
frequency factors when either of the latter quantities is neglected. 

Tbe authors are indebted to Prof. P. Debye for opportunities to discuss 
the results of toe present work. 


8 


c 

/ 

4 


/ 


1 




" /° 

£f-£yCAt 

S. 1 

.1- 



Fig. 4. — Relationship between activa- 
tion energies and frequency factors 
for transfer reaction or styrene 

radicals with hydrocarbons. 


Sommary. 

The efiects of xa hydrocarbons on the molecular weight of pol3nneriting 
styrene, and hence their capacities to supply a hydrogen atom to a substituted 

” Fairclou^ and Hintiifilwood, J. Chem, Soc., 1937, 538# 1573 ; Moelwjm- 
Hughes, Kineites of ReacHons in SoluHon (Oxford University Press, i933)< P- ^87. 
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benzyl radical, have been determined. The ease 'with 'which a hydrogen atom 
can ^ remo'ved from a carbon atom is increased appreciably by alkyl groups on 
the carbon atom, greatly by phenyl groups, and s^ more by an o-biphenylene 
grow, fluorene being about 1000 tunes as reactive as cyclohexane. 

Fiova the effects of temperature on 'the hydrogen-transfer reaction, it is 
found that substitution on a carbon atom decreases the activation energy for 
hydrogen transfer, but also decreases the frequency &ctor so that the range in 
reacti'vity is much less than 'would be expected from 'the acti\'ation energies. 
A nearly linear relation between the exirarimen'tal activation energy and -the 
logarithm of -the frequency factor for hydrogen transfer by -these hydrocarbons 
has been found. 

R68iun6. 

On a d6termin6 I'effet de 12 hydrocarbures sur le poids mol^ulaire du 
styrhne polymdrisant et, de Ih, leur capadtd k foumir un atoms d'hydrog^e k 
un radical benzyle substitud. La facilitd avec laquelle nn atome d'hydroghne 
est sdpard d'un atome de carbone, est accrue sensiblement par des groupes alcoyle 
sur ratome de carbone, beaucoup par des groupes phdnyle, et encore plus par 
nn groupe o-diphdnyl&ne, le fluorine dtant en-viion 1000 fois plus rdactu que le 
cyclohexane. La substi-tu-tion sur un atome de carbone duninue I’inergie 
d'activation par le transfert dliydrogine, mais aussi diminne le facteur de 
frequence, si bien que la variation de r^cti-viti est infdrieure k celle qu'on 
attendrait d’apris 1^ Energies d'acti-vation. On 'trouve une rela-don presque 
lindaire en-tre I'dncrgie d'activation expdrimentale et le logarithme du facteur 
de frdquence pour lo transfert d’hydrogene par ces hydrocarbures. 

Zusammenfassimg . 

Der Efiekt von 12 Koblenwasserstoffen auf das Molekulargewicht bei der 
Polymerisation -von Styrol und daher deren F&higkeit, ein Wassersto&tom an 
ein substi-tuiertes Benzylradikal abzugebmi, ist bestinunt -worden. Die Leich- 
tigkeit, mit der ein.Wasseratoffatom von einem Koblenstofiatom entfemt ■wexden 
kann, -wird durch Athylgruppen an diesem C-atom merklich erhbht, in grOsserem 
Ausmasse dutch Fhenylgruppen und noch mehr durch eine o-Diph^ylengruppe ; 
Z.B. ist Fluoren 1000 mal wirksamer als Cyclohexan. Substitution an einem 
C-Atom vermindert sowohl die Aktiviemngsenergie als auch die Aktions- 
konstante fflr die Wasserstofftlbertragang, sodass das Bereich der Eeakti-vit&ten 
klemer ist als man a-us den Akti-vierung^cnergien allein schliessen -wtlrde. Es 
besteht eine fast lineare Beziehung zwischen der experimentellen Akti-vierungs- 
-wStme und dem Xxwudthm'us der Aktionskonstante fflr die Wasserstofiflber- 
-tragung durch diese Kohlenwasserstoffe. 

General Laboratories, 

United States Rubber Co., 

Passaic, N.J. 


THE REACTIVITY OF FREE RADICALS IN POLY- 
MERISATION REACTIONS. 

By Kbnzzb Nozaki. 

Received 2Bth Jttly, 1947 

Considerable information is available concerning the efFect of structure 
on the reactivity of different organic substances with free radicals. For 
example, studies of the reactivity of primary, secondary, and tertiary 
hydrogen atoms attached to carbon.* of a-methylene h]r^x>gen atoms in 
nnsa-turated substances,' of solvents ’ and of -vinyl monomers * ha-ve been 
made. On the other hand, -very little is known concerning the relative 

1 Smith and Taylor, J. Chem. Physics, 1939, 7, 390. 

• (a) Ciiegie, Pilz, and Flygaio, B»,. Z939> 7^, 1799 ; (b) Fanner, et at., 
J. Chem. Soc., 1942, lai, 513. 'Mayo, J. Amer. Chem. Sec., i943» ^St 2324* 

‘Nozaki, J. Polymer Sci., 1946, I, 455. 
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reactivity of diflerent free radicals in such reactions. The work of 
Kharasch, Kane and Brown,’ in which radicals were divided into two 
classes according to their ability to abstract chlorine atoms from carbon 
tetrachloride, represents perhaps tihe most important contribution in this 
direction. In the present paper an attempt is made to correlate radical 
reactivities, utilising results from studies of pol3nnorisation and related 
reactions. 

The importance of resonance stabilisation in influencing the reactivity 
of free radicals is generally accepted ; * stabilised radicals arc considered 
to be less reactive than unstabilised ones. If it is assumed that the 
relative reactivity of substituted methyl free radicals is determined for 
the most part by the amount of resonance stabilisation,^ knowledge of 
an order of substituents according to their ability to promote such stabil- 
isation would enable one to predict relative radical reactivity. We now 
suggest that such an order has been obtained from copol3nnerisation ex- 
periments, where the amount of resonance stabilisation imparted by sub- 
stituents on methyl free radicals appears to be the most important factor 
governing the general order of reactivity of monomers in the propagation 
reaction. * This order of substituents on a methyl radical according to ability 
to promote resonance stabilisation is as follows : 

(C«H.)> (CH=CH,*)> (CN)s(COOCH,)> (Cl)> (CH.R)S(0,CCH,)> (H). 

Thus, -CH, — CH=CH, or 'CHtCgH, should be more stabilised and less 
reactive than -CHiCl or -CH,— CH,R, and the unsubstituted methyl 
radical should be most reactive. It is assumed, further, that the order 
holds additively for a second and third substituent on the methyl radical. 

The above interpretation of radical reactivity is in agreement with 
existing data such as the low reactivity of triphenyl methyl and allyl 
radicals,* the reactivity grouping of Kharasch, Kane and Brown,* and 
the evidence that the methyl raidlcal is more reactive then the undecyl 
radical.* We shall now attempt to show that this order of radical re- 
activity will explain certain dwdn-transfer results observed during poly- 
merisation reactions. 


Chain Transfer Involvii^ Monomers. 

Most monomers with a-methylene hydrogens do not polymerise well 
by a free-radical reaction. For example, allyl acetate, •• octene-i,® 
propylene, isobutylene and isopropenyl acetate polymerise with 
difSculty to give low molecular weight materials. This is undoubtedly 
duo to the ready abstraction of a-methylene hydrogen atoms by the 
growing polymer radicals, resulting in the formation of allyl-type radicals 
which, because of their stability, have difficulty in carrying on the poly- 
merisation chain. 

On the other hand, the a-methyl containing monomers, methyl m^- 
acrylate and methanrylonitrilo,** polymerise to high molecular weight 


, J. Amer. Chem. Soc., 1942, 64, 1621. 

Soe., 1941, 37, 770 : (6) and Altschul, 


' Kharasch, Kane and Brown, 

• (a) Waters, Trans. Faraday i . , , , 

J. Amer. Chem. Soc., 1945, 67, 816 ; (c) Taylor and Smith, J. Chem. Physics, 
1940. 8i 543- , 

* Polarity and steric effects may sometimes be important in free raoicai 
reactions (Bm. 4 and Price, J. Polymer Sci., 1946, i, 83). 

* The positions of CH— and C«Hg in the origiiuil order * have b^n inteiv 
changed because the presence of two equivalent vinyl groups in butadiene was 
overlooked previously. 

• Kharakh, Jensen and Uny, J. Org. Chem., 1945, 10, 388. 

' Kharasdr, Beinmnth and Urry, Amer. Chem. Soc., 1947, 

Beeck and Rust, J. Chem. Physics, 1941, 9, 480. 

Unpublished espmiments by the author. 

” {a) Norrish ana Smith, Nature, 1942, 150, 336 ; (&) Baxendale, Evans 
and Klilham, J. Polymer Sci., 1946, i, 466. 

^ Kem and Femow, J. Chem., 1942, 160, 276. 
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polymers \nth no evidence of chain transfer. Similarly, the dienes, iso- 
prene and 2 : 3-dimently-butadiene-i : 3,^* can be polymerised to high 
molecular weight products. The difference in behaviour between these 
monomers and those listed above is understandable in terms of our radical 
stabilisation series. The growing polymer radicals formed from the 
poorly polymerisable monomers are all substituted methyl radicals with 
substituents low in the stabilisation series. Thus, the reactivity of the 
radicals is high and they can readily abstract hydrogen atoms from 
a>methylene groups. On the other hand, the polymer radicals from 
methyl metha^late, methacrylonitiile, and the two dienes are so well 
stabilised by a substituent high in the series that a-methylene hydrogen 
abstraction is small or absent. 

Among the monomers which would be expected to form very reactive 
radicals, only ethylene, vinyl acetate and vinyl chloride polymerise com- 
pletely or nearly so with sinall concentrations of peroxide-type initiators. 
It is interesting to note that, during polymerisation, chain transfer with 
the monomer appears to occur with all three monomers. This is sug- 
gested by the ^dlure of the moleculax weight of pol3rvinyl acetate and 
polyethylene to increase beyond a certain value with decreasing catalyst 
concentration, and the constancy of the molecular weight of polyvinyl 
chloride samples prepared utilising different methods and rates of 
initiation. In contrast to this, it appears that monomers such as styrene,-* 
methyl methacrylate,^* methacrylonitrile and ethyl acrylate,*^ which 
should form more stabilised radicals, imdergo very little, if any, chain 
transfer of this type. This, too, could be atMbuted to differences in the 
reactivity of polymer radicals due to resonance stabilisation. 


Chain Transfer Inyolving Solvents. 

When a monomer is polymerised by a free-radical process in the presence 
of a solvent, the molecular weight ox the product is generally lower than 
if the reaction had been carried out with pure monomer, llus has been 
shown to be the result of chain treisfer with the solvent.** The amount 
of chain transfer with a given monomer at a fixed temperature varies from 
solvent to solvent, and Mayo **• has used the chain-transfer constant, C, 
defined as the rate constant for chain transfer with the solvent divided 
by the rate constant for chain growth, to show this difference in styrene 
pol3mierisation. It is found that the constant also differs from monomer 
to monomer, as is illustrated by the data in Table I. The values of the 
constant are much smaller for styrene than those for either vinyl acetate 
or aUyl acetate. 

Similar results of a more qualitative nature ate found in two recent 
papers by Kharasch and co-workers.** They found that, when an ethylene 
derivative, carbon tetrachloride and a free-radical type initiator are mixed 
and heated, the following reaction occurs 

»RCH=CH,-}-CCl4 a(RCHCH,).CCl, 

Starkweather, et al., Ind, Eng. Chem., 1947, 39» 210. 

Plory, J. Anur. Chsm. Soc., 1937, 59 » * 4 ^’ 
u Cuthbevtson, Gee and Rideal, I^oc. Roy. Soc., A, 1939, 170, 300. 

Hopfi and Ifem, Modem Plastics, 1946, 23, z6o. 

^* Me^ and Fuoss, J. Amer. Cham. Soc., 1942, 64* 277. 

» Unpublished experiments by the author. 

** Staudinger and Hnseman, Bef., 1935, 68, 1691. 

*^ Staudinger and Txommsdorff, Aemcien, X933. 302, 201. 

•* (a) Mayo, f. Amcr. Cham. Sao., 1943, 65, 2324 ; (6) Kaineaska3ra and 
Medv^v, Acta Physicockim,, 1940, 13, 565. 

**{a) Khaissch, Jensen and Urry, J. Amer. Cham. Soc., 194 7» <*9# noo; 
(&} Khamsch, Reinmuth and Urry, ibid., 1947. X105. 
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n being often equal to one. This is undoubtedly the result of a ehain 
process during which the following reactions proceed : 

RCH=CH,+-CCls->*{CHRCH,)CCl8 . . . (i) 

•(CHRCH,)CC1,+RCH=CH8^-(CHRCH,),CCU . . . (2) 

•(CHRCH 0 «CC 1 s+RCH=CH,-^*(CIIRCH 8 ). 4 iCC 1 , . . (3) 

•(CHRCH,)«Ca,+CCl 4 -».Cl(CHRCll,)«CCl 3 +-CCl,. . (4) 

It is apparent that the reaction is related to polymerisation involving 
cliain transfer with the solvent. "When ditferent monomers are treated 

under similar conditions, it 
is found that ethylene, ••• 
propylene, biallyl,**® wo- 
butylene** and vinyl 
acetate ‘‘t •» readily give 
the carbon tetrachloride 
addition product with 
« = 1, allyl chloride 
gives a product with 
» = 2, and styrene,**® 
ethyl acrylate*'® and 
dienes *• give polymers 
(i.e. n is large). 

The above results, which 
indicate that chain transfer 
with a solvent occurs much 
more readily during the 
polymerisation of a mono- 
mer which would be ex- 
pected to form a relatively 
unstabihsed radical than 
during the polymerisation of a monomer yielding a more stabilised one, can 
be tho result of a difEerence m the values of the rate constant of one or both 
of two reactions. These are (i) the propagation reaction in polymerisation, 
and (2) the attack of the growing polymer-radical on the solvent. 

If the propagation reaction is mu^ faster with conjugated monomers 
than with unconjugated ones, the chain-transfer results in solvents could 
be readily explained. Indeed, this is actually the case in copolymerisation, 
whero conjugated monomers add more rea^y to a given radical than 
unconjugated ones.*. The situation, however, is quite dillerent when one 
is comparing the propagation rate constant of one pure monomer against 
another. Here, growing pol3rmer radicals differ in the two systems, 
and a conjugated monomer would yi^d a more stabilised and, hence, less 
reactive radical than an unconjugated monomer. Thus, it is probable 
that the lower reactivity of an unconjugated monomer in the propagation 
reaction would be roughly compensated by an increase in the rea^vity 
of the polymer radical derived £:om it.*’ 

The di^ussion above leads to the conclusion that the chain-transfer 
results are most probably attributable to differences in the ability of 
different radicals to attack the solvent and abstract hydrogen or chlorine 
atoms. In this connection it is interesting to note that the results in 

** Urry, Conference on Organic Reaction Me^nisms, Notre Dame University, 
Sept. 3-6, 1946. 

** Harmon (to Du Pont), U.S. Patent 2,396,261 (1946). 

** Under special condil^ns good yields of the product with m — i may be 
obtained from butadiene [Peterson (to Da Pont), U.S. Patent 2,401,099 (1946)]* 

** The results of Baiilett and Altschul,** which indicate that Btabilia^ 
aUyl-type radicals axe much less effective in carrying on the polymerisation of 
aUyl acetate than the growing polymer radicals, show that the rate constant 
lor the propagation reaction must be dependent on the reactivity of the free 
radical invoivw. 


TABLE I. — Chain-transfkr Constants for 
Several Monomer-solvent Combinations 
AT 80“ c. 


Monomor, 

Soivont. 

Cx I0». 

Styrene® 

T<ilucne 

3*13 

Vinyl acetate* 

Toluene 

Qib 

Slyreno® 

Allyl acetate* 

Benzene 

i-5£j 

Benzene 

1 

210 

Styrene® 

Cyclohexane 

x -50 

Allyl acetate* 

Cyclohexane 

5{>o 


{a) Calculated from the robults of **® 

using tho Arrhenius equation. 

(2)) Calculated from data of Cuihbertbon, 
Geo and Rideal.^® 

(a) Unpubb&hed results of Bartlett and Nozaki. 
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Table I show that chain transfer with solvents occurs 135 to 360 times 
more readily with allyl acetate or vinyl acetate than with styrene, whereas 
copolymerisation studies * indicate that styrene is only about 36 times 
as reactive as allyl acetate or vinyl acetate in the propagation reaction 
with a given radical. Thus, even if the assumption were made that the 
rate constant for the propagation reaction during polymerisation is in- 
dependent of the reactivity of the free radicals mvolved, the conclusion 
that the growing-polymer free-radicals denved from allyl acetate or vinyl 
acetate are more reactive with solvents than those denved from styrene 
is still necessary. All of the results discussed are m agreement with the 
proposed order of substituents promotmg resonance stabilisation in sub- 
stituted methyl radicals ; i.e. radicals with substituents effective in pro- 
moting stabilisation are relatively ineffective m chain transfer and, con- 
versely, radicals with substituents ineffective m promoting stabilisation 
are r^tively effective in chain transfer. 

Ghain Transfer InToivlng Hydrochloric Acid. 

A reaction closely related to those discussed m the preceding section 
has been disclosed in a recent patent.** When ethylene, hydrochlonc 
acid and a free-radical type initiator are heated under high pressure, the 
following reaction occurs 

«(CH,=CH,) -hHCl->H(CH,CH8),Cl. 

The reaction mechanism probably involves the following steps : 

Initiator -»-R . , . . • (j) 

•R+Ha-^RH-f-Cl . . . 2) 

•Cl-|-CH,=CH,->-(CH,CH,)Cl . . . 3) 

•(CH,CH,)CH-CH,=CH,-4-(CH,CH0,a . . . (4) 

•(CH,CH,),a+CH,=CH,-4-(CH,CH,),+iCl . . (5) 

•{CH,CH,),Cl-|-HCl-i-H(CH,CH»),Cl-|--Cl . . (6) 

When n — 1, the chain-carrying steps in the reaction are (3) and (6). 
It is evident, at once, that this cham process is identical to that suggested 
for the abnormal addition of hydrobromic add to ethylene derivatives, •* 
except that hydrochloric acid h^ replaced the hydrobromic acid. 

This is apparently the first and only reported case of the addition ot 
hydrochloric acid to an ethylene deriimtive by a free-radical mechanism. 
■^^y is this so ? Step (3) is exothermic by over 30 kcal. per mole but 
step (6) is endothermic by about 5 kcal. and is probably the critical step 
m the chain. Resonance stabilisation in the radical would, by increasing 
the activation energy for the reaction, decrease the rate constant for step 
(6). Thus, the probability of observing hydrochloric add addition via 
a free-radical chain reaction should be greatest with the ethylene derivative 
forming the least stabilised radical in step (3). Our radical stabilisation 
series predicts that this should be ethylene. It is noteworthy that the 
patent of Hanford and Harmon** applies only to ethylene, suggesting 
that the reaction will not occur satisfEuctorily or at all with other ethylene 
derivatives. 


Summary. 

It Is assumed that the relative xeactivify of substituted methyl free radicals 
is determised for the most part by the resonance stabilisation of the radicals 
and that an order of substitaenta determined from copolyme r isation esqperiments 
predicts qualitatively the amonnt of this stabilisation. The order of sub- 
stitnents mvouring resonance stabilisation is as follows : 

<C^ > (CH=CH,) > (CN) s(COOCH,) > (Q) > (CH»R) s (O.CCH,) > (H). 

** Hanford and Hannon (to Dn Pont), U.S. Patent 2,418,832 (1947). 

** Mayo and Walling, Chsm. Rm., 1940. 27, 372. 
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Utilising this order, certain chain transfer results observed during polymerisation 
reactions arc discussed. They include (i) chain transfer involving monomers, 
(2) chain transfer involving solvents and (3) chain transfer involving hydrochloric 
acid. 


R4sum6. 

On suppose quo les rdactivitds relatives do radicaux libres mdthyle substitnte 
sont d&termindcs en majeure partie par la stablisation de idsonance dcs radicamc 
ct que lc.s substituants, classds d'apr&i des experiences do copolymdrisation, 
permottent dc donner I'order de grandeur de cette stablisation. L’ordre des 
substituant favorisant la stablisation de rdsonance est le suivant : 

{C,H,) > (CH=CH,) > (CN) ^ (COOCHj) > Cl > CH,R^ (O^CCH,) > H. 

S'appnyant sur ce classement, on discute certains r^sultats do transferts de chaines, 
ob^rv^ au couis de reictions de polyxndrisation. II s’ant de transferts de 
chalnes comprenant (i) des monom^res, (2) des solvants ot (3} HQ. 


Zusammenf assnng . 

£s ^rd angonommen, dass die relative Reaktivitftt von freien substituierten 
Methylradilmlen haupsarMich von der Kesonanzstabilisicrung der Radikale 
bedingt ist und dass dor Botrag dieser Stabilisiorung in qualitativer Weise ans 
Kopolymerisationsversuchen abgcleitet werden kann. Die Reihenfolge, in 
welcher Substituenten die Resonanzstabilisienmg begClnstigen, ist wie folgt : 

(C,H,) > (CH=CH,) > CN s (COOCH,) > Cl > CH,R ^ ( 0 ,CCH,) > H. 

Untor Benhtzung dieser Aufstellung worden bestimmte Kettentibertragnngs- 
resultate, die in Polymorisationsreaktionea boobachtet wurden, besprochen, 
damnter I^ttenhbcrtragungen, die (x) Monomcren, (2) Ldsungsmittel und (3) 
HCl betrefien. 

Chemistry Department, Shell Development Company, 

Harvard University. Emeryville, 

California. 


THE INHIBITION AND RETARDATION BY 
CERTAIN QUINONES OF THE PEROXIDE- 
INDUCED POLYMERISATION OF ALLYL 
ACETATE AND VINYL ACETATE. 

By Paul D. Bartlett, George S. Hammond and Harold Kwart. 

Received 11th August, 1947. 

Substances which, while present m a polymerisable monomer, produce 
an apparently-complete arrest of its polymerisation have been designated 
as ii^bitors, while substances which permit polymerisation to proceed 
at a diminished rate are commonly called retarders. The boundary 
between these classes of compounds shifts with refinement of the method 
of observation ; for it becomes apparent with the use of sensitive methods 
that even the so-called inhibitors do not always stop all participation of 
the monomer in the reaction. As far as mechanisms of r^iction are 
concerned there need be no significant difference between inhibitors and 
retarders. 

It is generally agreed that inhibition or retardation of a chain reaction 
is produced by intOTception and removal of the free radical which carri^ 
the chain. The existence of a rapid mode of consumption of the radical 
lowers its concentration at the steady state and hence lowers in proportion 
the rates of all the reactions dependent upon the concentration of free 
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radicals. If this lowermg is great, the substance is likely to be called an 
inhibitor ; if the lowering is quantitatively less, the substance is called a 
retarder. 

The process of retardation is at its simplest m principle when the 
retarder is itself a stable free radical. In such a case there need be but 
a single elementary act in the inhibitory process, namely, the union of 
the retarder with the chain carrier to produce a stable molecule. Examples 
of this ideal case are comparatively rare ; they include the use of nitric 
oxide as an inhibitor of cracking ^ and oliier gas>phase reactions, and, m 
another part of the present programme of research, the inhibition of 
polymerisation of vinyl acetate by 2 : 2-diphenyl- i-picrylhydrazyl. 
The scarcity of examples of this simple^ form of inhibition is due largely 
to the fact that few free radicals are so stable that they will not initiate 
rhain reactions to some extent, thus blurring the picture of the phenomenon 
which it is desired to observe. (Tiiphenylmethyl, for example, can act 
as both an initiator and a retarder of polymerisation of styrene, with 
resulting complication of the kinetic picture.) • 

Whenever a retarder is not a free radical but a molecule, a mechanism 
must take account not only of the reaction of the chain carrier with the 
retarder molecule but of the subsequent behaviour of the new radical 
so formed. It is obvious that this new radical must be less active than 
the original chain carrier with respect to chain propagation, but we may 
expect to find as much variation from case to case in regard as in the 
overall efiectiveness of inhibitors and retarders, and the mechanism is 
not complete until the eventual conversion of each radical mto a stable 
molecule has been accounted for. The general principles of reaction 
mechanisms lead one to anticipate several possibilities, which may be 
outlined as follows. 

A. In the attack on the chain carrier, the retarder may 

1. combine by direct addition ; 

2. react by transfer of an atom (or group) to or from the chain 
carrier, producing a molecule and a fra^ent coming from the 
retarder. 

B. In either case the following possibilities must be considered for the 

disposal of the new free ra^i^cal formed. 

1. Union with another free radical 

(a) with a radical like itself (dimerisation), 

{b) with a second chain carrier. 

2. Reaction by transfer of an atom (or group) 

{a) with a radical like itself (disproportionation), 

{b) with a second chain carrier, 

{c) with another retarder molecule, producing a further radical. 

3. Union with a molecule (chain propagation) 

(a) with a monomer, 

(b) with a retarder 

(copolymeiisation in Case Ai, chain transfer in Case Az). 

C. The molecules produced by these processes may be 

1. inert, 

2. initiators, 

3. retarders, 

4. chain-transfer agents, 

5. substances entering into copolymerisation. 

The TninimiiTn satisfactory description of the mechanism of action of 
an inhibitor or retarder would consist of placing it in its proper class with 

* Echols and Pease, J. Amer. Chem. Soc., 1938. do, 1701 ; for other references 
see Steade, Atom and Free Radical Reactions (New York, 1946), pp. 58-61. 

* Unpublished observations in this laboratory. 
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respect to all three of these stages of the process. We have carried out a 
study of various types of inhibitors and retarders, including free radicals 
iodine, oxygen, sulphur, quinones, nitre compounds, disulphides, and 
JSf-bromosuccinimide, and have be^ partially successlul in establishing 
the nature of the retarding process in certain cases. At the 
wo have been impressed with the great variations among the different 
compounds studied. At this time we report the study of one class of such 
compounds, the quiunnos. 

Two monomers have been employed in this study, allyl acetate and 
vinyl acetate. The former ester was chosen because its very short nTiai'n 
length * in polymerisation should cause a relatively large number of 
inhibitor fragments to become attached to the polymer and it was hoped 
that direct evidence could be gained of the chemical nature of these groups. 
Vinyl acetate, on the other hand, polymerises to long chains and lends 
itself better to studies of kinetics than of the nature of the end groups. 
Four quinones — ^benzoquinone, trichloroquinone, chloranil, and duro- 
quinone — were chosen for study, covering as they do a range of degree 
of substitution, oxidation potential, and chemical character of groups. 

Chemical Nature of the Inhibitor Fragments in the Polymer. — 
Suggestions liavc been made in the past as to the mechanism of quinone- 
inhibited polymerisation. Price * suggested the sequence Ai-Baft for 
inhibition by benzoquinone, and later* modified this to Ai-Bzc; the 
consequence that the pul3mier should contain alkylquinone groups seems 
to be home out by the observations of Cohen • on the quinone-inhibited 
pol3nneriaation of styrene. Foord,’ on the other hand, found that phen- 
anlhraquinone had inhibitory powers of the same order as benzoquinone, 
although nuclear substitution by radicals could scarcely occur by similar 
mechanisms in the two cases. Although wc could not isolate any recog- 
nisable compound from the pol3rallyl acetate containing the quinone group, 
some evidence of the nature of such groups was obtained by p3rroly8i8, 
cleavage with hydrogen iodide, and observation of the absorption spectrum 
of the product. 

When cbloranU and benzoyl peroxide were heated in allyl acetate 
under the conditions of the kinetic runs, no quinone was recovered and 
the solutions showed no quinone by titration. Alkali extraction and ad- 
sorption yielded no pure compound except benzoic acid. There was a 
little volatile chlorine-containing compound boiling higher than allyl 
acetate and melting below room temperature and a sm^ alkali-soluble 
fraction of the polymer which gave an amorphous 2 : 4-diaitrophenyl- 
hydrazone. Such a product of retarded polymerisation yielded tetra- 
cUorohydroquinone on destructive distillation under diminished pressure 
at 360“ (yield of rocryataJlised product, 20 %). A somewhat higher 
yield, 27 %, of totrachlorohydroquinone was obtained by cleaving the 
polymer with hydriodic acid in reiluxing acetic acid. By this treatment 
there was also obtained colourless polymeric material which could be 
oxidised to a ydlow oil, reducible again with stannous chloride or zinc 
dust, but not with iodide. Those results are consistent with the view 
that the quinone is all bound in the polymer, some of it through carbon 
and some — at least 27 % — ^through oxygen with the four chlorine atoms 
intact. 

The ultraviolet absorption of the product of a polymerisation of allyl 
acetate initiated by benzoyl peroxide and retarded by benzoquinone was 
examined and the curve is reproduced in Fig. z, together with a similar 
spectrum of the product of heating the same amounte of benzoyl peroxide 
and benzoquinone in cyclohexane as solvent. The values oif log « are 

* Bartlett and Altschul, /. Amer. Chetn. Soc., Z945, 67, 812, 8x6. 

* Price, Aim. N.Y. Accid. Sci., Z943, 44, 368. 

* Price, Jieactions at Carbon-Carbon J}oubl8 Bonds (New York, 1946), p. 86. 

* Cohen (in press). * Foord, J. Chem. Soc., 1940, 48. 
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assigned on the assumption that the molar concentration of the absorbing 
TTiaterial is the same as that of the original quinone. For comparison 
there are included in Fig. i the absorption curves of h3rdroquinone diethyl 
ether, hydroquinone diphenyl ether, and ^-xyloquinone, as models of 
products in which the quinone has been alkylated on oxygen and on carbon. 
It is clear that none of the model substances reproduces the curve of either 
product at all closely. In particular the product lacks any absorption 
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F}g. I. — ^Absorption spectra of pohnnexisation products and model compounds 
(r) Product of hating benzoyl peroxide and quinone in cyclohexane, con- 
ditions like those in the sampte of Curve 5 ; q)ectrum determined in alcmhol- 
cbloTofonn. (2) Hydroqumone diphe;^! ether.* (3) p-Xyloquinone.' f 
(4) Hydroquinone diphenyl ether.t (5) Product of hea&g 0*257 peroxide 
and 0*127 benzoquinone in allyl acetate for 48 his. at go*. The portion of 
the curve from 240 to 320 lUfi was determined in ethanol-chloroform solvent ; 
that fro m 320 to 450 mp in (^oroform. The difference of 0*2 in log c between 
the two sample at 320 mft was added to the chloroform curve as a constant 
correction to yield a continuous curve. 

maximuTn in the region 400-440 m/i, characteristic of the quinone chromo- 
phore. Taken in combination with the other evidence cited, these results 
show that the product of the quinone-retarded polymerisation contains 
more than one type of transformation product of the quinone nucleus. 
These transformations almost certainly include alkylation on carbon and 
on oxygen, and also other changes resulting in more intense absorption 
at and above 300 m/i than is characteristic of any of the model substances 
here considered. It is worth noting that the intensity of absorption does 
not vary much with successive alkylation of the quinone from benzo- 
quinone to ^-xyloquinone.® 

Kinetic Studies with Allyl Acetate. — ^Interest in the kinetic 
studies centres about the relation between the concentrations of three 
species, the initiator, the monomer, and the retarder. All three con- 
centrations have been followed separately in these experiments with allyl 
acetate. The unsatuxation, indicatmg the concentiation of monomer, 
was followed as in previous studies wi^ allyl acetate.* Benzoyl peroxide 
and the quinones are all oxidising substances, but it was found possible 

• Light, Z. physik. Ckem. A, 1926, laa, 427. 

*Wolf and Henold, Z. physik. Chem., B, 1931, 13, aor. 
t Prom ref. 8. { MayeivPitech, Z. EUktrocksw., X943, 49, 370. 
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in the cases of benzoquinone and duroquinone to make a satisfactorily 
quantitative separation beriveen the peroxide and qumone by precipita- 
tion of the former from glacial acetic acid solution with water. The two 
oxidants were then titrated separately. 

It was observed by Nozaki and Bartlett ® that antioxidants and r^ 
tardera of polymerisation also diminished the overall rate of decomposi- 
tion of licnzoyl peroxide in acetic anhydride as solvent. Cohen, on the 

other hand.i® finds evi- 
dence of acceleration of 
the decomposition of 
benzoyl peroxide by 
benzoquinone in styr- 
ene. In the course of 
the present work it 
was found that the 
solutions containing 
both benzoyl peroxide 
and benzoquinone in 
allyl acetate underwent 
a fairly rapid change in 
the light mvolving loss 
of the oxidising power 
'of the quinone and the 
formation of another 
effective retarder of 
polymerisation. Only 
when this disturbing 
process was prevented 
by operating in "low- 
actinic" P^ex tubes 
was it possible to ob- 
tain reproducible 
measurements of poly- 
merisation and the con- 
sumption of peroxide 
and quinone. Under 
these conditions the de- 
composition of peroxide 
•was apparently of the 
~ first order and pro- 
ceeded in a 12 % solu- 
tion of peroxide in the 
presence of benzoqu^- 
ono or a 4*8 % solution 
of peroxide in the pres- 
ence of duroquinone at 
So" -with the same rate 
constant of 0*133 hr.""^. 


” 7 


6A 


5 ^ 


Flo. 2. — Monomer concontxation ag^iinst peroxide 
concentration for polymerisation of ally! acetate 
at 80® in presence of benzoyl peroxide and 
several quinonos. To a'void coninsion of points, 
the enrves are displaced vertically by amounts, 

M. A, benzoquinone, 0*257 m., x = o ; B, dnro- 
quinone, o*ioo si., ;ra2; C, •bcichloroquinono, 

0*105 ^,x=s; D, chloranil, 0*104 k., x 4. 

In the absence of re'tardcr, Bartlett and Altschul • found apparent un^ 
molecular rate constants of 0*235 hr,~^ and 0*227 hr."' for 9*95 % 

6*10 % benzoyl peroxide, respecti-vely. It is dear, therefore, that m 
aUyl acetate these t'vro quinones exert an inhibitory effect upon the 
induced decomposition of benzoyl peroxide. 

The precipitation method by which benzoyl peirndde and benzo- 
quinone were separated for titration was unsuccessful wth tiichloroqmnone 
anfi but it was observed that at s imila r initial concentmtimis 

of peroxide, the late points (aiter complete consumption of the quinone) 


• Nozaki and Bartlett, J. Avur. Cham, Soc., 1946, 68, 1686. 
Cohen, J. Amer. Chem. Soc., 1947, 69, 1057. 
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showed the same peroxide concentrations in the runs made with the chloro- 
quinones as m the runs with benzoqumone and duroquinone. It follows 
tiiat the rate of decomposition of peroxide must have been the same in 
the presence of all four quinones, and we are justified in naing the rate 
constant for peroxide decomposition, measured with benzoquinone, to 
calculate the concentrations of benzoyl peroxide at successive times in 
the runs with the chlorinated quinones. These values, in conjunction 
with the total oxidismg titres, yielded the concentrations of qumone at 
different times. 

During the polymerisation of allyl acetate without a retarder present, 
a linear relatioiiship is maintained between the concentrations of monomer 
and peroxide.* In the polymerisation of st3rrene, the piesence of benzo- 
quinone produces a period of apparently total inhibition followed by 
pol3nnerisation at nearly the same rate as in the absence of inhibitor.’' 
Fig. 2 shows typical curves of monomer-peroxide concentration in the 
presence of each of the quinones studied. In no case is total inhibition 
observed. With chloranll and tnchloroquinone there is strong imiial 
retardation and httle monomer converted to polymer ; as the peroxide 
decomposition proceeds the polymerisation increases and the effectiveness 
of a peroxide molecule in polymerising monomer approaches that observed 
in the absence of quinone. With duroquinone in -^e same concentration 
range the plot of M against P remains a straight line of lower slope than 
in the abs^ce of reta^er. Benzoquinone at low concentrations gives a 
curve like that of the chlorinated quinones, while at a concentration of 
0*500 it yields a straight line corr^ponding to substantial retardation 
by a retarder whose concentration is not altered seriously during the run. 

Comparison of the four quinones illustrates the general property of 
retarded reactioas that the strongest retarders are the most rapidly used 
up, and give the sharpest change of rate between the early and late parts 
of the reaction. 

Quantitative Measurement of Inhibitory Activity. — ^Introducing a 
simple one-step retardation into the scheme previously writtmi • for allyl 
acetate polymerisation, we arrive at the following mechanism in which F 
denotes peroxide, M monomer, R free radical, I retarder or inhibitor, and 
X and Y inactive products : 

P 2R 

R+M R 

R + M X 

R+ I Y 


According to this mechanism there should be a simple relationsbip between 
the rates of disappearance of monomer and of reta^er. Since 


and 

it follows that 
and 




dAf 

di 

dl 


^4 r 


dM k, + h^M’ 

J A. + Aa Af 


In testing this relationship it is found to be obeyed dLosdy by duroquinone 
and not at all by benzoquinone. Trichloroqmnone and chloraail 3rield 
straight lines wbm log I is plotted against log M, but there is so little 
change in monomer concentmtion that a rigorous test of the equation 
is not afforded in these two cases. From the slopes of the straight lines 
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in the cases of duroquinoue, chloranil and tnchloroquinone, values of 
kj{ki + ft,) have been detennmod and are recorded in Table I. Constants 
for bcnzoquinunc have been estimated from the initial slopes of the curves. 


TABLE I. — iNiiiBniON Consiants of Quinones in 
Allyl Aceiatk 


luhibitoi 

Pfin 

Uolos/kg. 

7o >n 

Moli-s/kK. 

A») 

Bonzoquinoue 

0-500 

0-500 

4 G 

»» • 

0-257 

1-257 

57 

II • 

0-254 

0-127 

62 


0-200 

0-100 

46 

II • 

aveiag(‘ 

value 

52 

Chloranil 

o-2o6 

O-lOij 

160 

Trichloroquiuono . 

o-x 07 

0-105 

55 

Duroquinone 

0-202 

O-IOI 

4-14 


These ratios arc a direct measure of the relative probability of a chain- 
carryung radical reacting with a quinonc molecule m preference to reacting 
with a monomer by addition or by degradabve chain transfer. 

The above equation can also be applied to the data of Breitenbach 
and Breitenbach on the inhibition of theimal polymerisation of styrene 
by certain quinones. In each case the plot of log JVf-log / is linear or 
nearly so ; the slojxis yield values of as recorded in Table II. From 


TABLE II. — Inhibition Constants for Styrene 
FROM BREITENBACU’S DaTA. 


Qaloone 

* 4 /At 

+ I'UOO 

£0 

Chloranil 

950 

3-98 

0-657 

Bonzoqumoue ® 

566 

3-76 

0-570 

Toluoquinono 

210 

3-33 

0-528 

^-Xyloquinone 
Tiimethylqumoue . 

43 

26 

2-64 

2-42 

0-486 

0-444 

Duroqiunone 

0-67 

0-83 

0-402 


(a) Only one point reported. 

(b) Styrene monomer does not disappear by kg. 


a comparison of Tables I and II, it is seen that duroquinone is a stroller 
inhibitor for allyl acetate polymerisation than for styrene polymerisation, 
while benzoquinone and cldoranil are stronger inhibitors for styrene than 
for allyl acetate. 

The values of log k^/k, determined in this way do not show the strictly 
linear relation to ^e oxidation potentials of the quinones which w^e 
observed for the logarithm of the standard rate of inhibited polymerisation 
evaluated by Breitenbach and Breitenbach. Fig. 3 shows the values of 
log k^/k, for styrene inhibition and log k^/(k, + for aUyl acetate 
plott^ against the gas-phase oxidation potential of the corr^onding 
quinone.^® The gas-phase values are used here siuce for comparison with 
phenomena occurring in non-polar solvents it is desirable to eliminate the 
solvation effects characteristic of the solvents in which potentials ^ 
determined experimentally. It is not at all surprising that the relation 

^Breitenbadi and Breitenbachi Z. pkysik. Cham. A, 1942, iSKit 361. 

“ Conant, J. Amor. Cham. Soc., 1927, 49, 294. The potentials not reported by 
Conant are computed by assuming an mcreinent of — 0-042 v. per methyl group. 
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between this thermodynamic property of the quinone and the •f nnHa.mftTital 
kinetic quantity is not exactly linear, especially in view of the fact 
that some of the quinones efiect inhibition by mechanisms not available 
to the others. In styrene the completely substituted quinones, which 
cazmot enter into nuclear alkylation, are both weaker inhibitors ^•ba.Tl would 
be expected on the basis of a straight line drawn through points for 
the otiier quinones. 

The fadure of benzoquinone to obey the equation based upon the 
simple mechanism for retardation is only one of the abnormalities dis- 
tinguishing it from the substituted quinones in this study. Although the 
data have not proved accurate enough for a quantitative evaluation of 
the number of chains stopped by each quinone molecule, the whole picture 
is one of more benzoquinone molecules being required to stop a gfiven 
number of chains than is true of the other quinones. There is evidence 
in the literature to support 
the view that benzoquinone 
enters into copolymerisation 
with styrene. From the rates 
and molecular weights for 
the thermal polymerisation 
of styrene determiued by 
Suess, Pilch and Rudorfer 
at 100°, the rate of initiation 
at that temperature should 
be equal to or less than 
8*9 X io"“ equivalents/kg./ 
hr. At this same tempera- 
ture Goldfinger, Skeist, and 
Mark ‘‘found that 9*8 x 10-* 
moles /kg. /hr. of benzoquin- 
one was consumed dozing 
the induction period in the 
thermal polymerisation of 
styrene. This would corre- 
spond to at least 11 mole- 
cules of quinone being 

consumed for each ^owmg — ^Relation between inhibitory power and 

chain mitiated at 100 . This oxidation potential of quinones. 

phenomenon does not ap- , 

pear to be observed at 64® " styrene, log 

where Cohen's experiments k 

were done, and at 80®, the ^ acetate, log 

temperature of our experi- 
ments with allyl acetate, the amount of quinone consumed is much less. 
It is likely, therefore, that the free radical formed when bezizoquinone 
attacks a growiog polymer radical is just on the borderline of the stability 
necessary to break off the polymerisation chain, but is capable of con- 
tinuing it by a reaction whose activation energy is higher than that of 
the usual step B in the inhibition process. This warns us not to use the 
inhibitor mei^od of determining the rate of chain initiation in polymoisa- 
tion at temperatures higher than those at which the method has been 
shown valid. Reasons for expecting benzoquinone to be possibly capable 
of selective copolymerisation have been given previously. “ 

Retardation of Vinyl Acetate Polymerisation by Dnroqnlnone. — 
The application of a sensitive method of following polsnmerisation to 
the qumone-retarded polymerisation of vinyl acetate yicdds a detailed and 
accurate picture of the course of the reaction from the begizming through 

Suess, Pilch and Rudorfer, Z. physih. Chetn. A, 1937, 179, 36Z. 

“ Goldfinger, Skeist and Mark, J. Physic. Chem.^ ^ 943 ' ^ 7 * 37 ^* 
u Bartlett and Nozaki, J. Amer. Chem. Soc., 1946, 60, 1503. 
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the gradual disappearance of the retarder to the point where poljroer- 
isation is proceeding at a normal rate. The method chosen was dilato- 
metry, the sample and dilatometer being kept immersed in a thermostat 
at 45“ throughout the run. Only duroquinonc was studied in this way, 
its retarding action being of the right magnitude to show the nature of 
the reaction in the absence of sharp inhibition. From 40 to 80 points 
|x;r run wore taken, yielding sufficient accuracy to determine slop^ 
reliably. Since this method of following the reaction did not permit 

the simultaneous determina- 
tion of the initiator and 
retarder, their concentrations 
were determined indirectly 
by taking advantage of the 
following kinetic analysis, 
based upon the reaction 
scheme : 

P 2R (initiation) 

R + M R (propagation) 

R + R X (termination) 

R + I **, Y (retardation). 

The mechanism in vinyl 
acetate differs from that in 
allyl acetate only in the 
terminating step, which here 
consists of the interaction of 
two free radicals instead of 
the reaction of one radical 
with a monomer molecule. 

Since — 

a» 

^ —I dlnJIf 

— dJ 

Since — ^ 



Fig. 4.— Pol3ncneriBation of vinyl acetate at 45* j 
in presence of 9’28 X 10”* H. duipquinone. 
Each dot is an experimental point. 



Applying the steady-state condition to the retarded polymerisation : 

7,hiP =3 AjR* -1- kjRJ. 


Substituting for R and I, wo get 


ikiP — 


ft, /dlnAf\* k^(d\aM\ 

vl’dT/ ~ft,l df r"® 


Until quite late in a polymerisation, the retarder is accounting for such a 
majority of the chain terminations that the first term on the right of this 
equation can be safely neglected. In work to be reported elsewhere ft, 
haa been determined to be 1*43 X io“* min.“S and this constat may 
be used to calculate the values of P at different times. By solution oi 
the simplified equation by successive approximations, therefore, 
of ft./ft, can be determined as accurately as the values of 
are obtained from the graphs. Fig. 4 sho\vB a typical curve of In 
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the method of calculation. Duroquinone is more than zo tiTn^s as effective 
an inhibitor of the polymerisation of vinyl acetate as of allyl acetate. 

Experimental. 

Purification of Materials. — ^AUyl acetate was prepared by the esterification 
of allyl alcohol with acetic anhydride with sulphuric acid as a catalyst. After 
washing and drying the product was dist il led through a 50-plate Lecl^-Ewell 
column at 50-1 reflux ratio. Material boiling at 103-7° (uncorr.) with refractive 
index ns** =» 1-4021 ± 0*0001 ivas used in pol3aneri8ation experiments. 

Vinyl acetate was prepared as described ^ NozaJd and Bartlett for their 
best sample. (Method D).^* 

Benzoyl peroxide. Eas tman Kodak Co., was leciTstallised by pouring a 
filtered chloroform solution into ligroin or methanol. The product was filtered 
and dried in vacuo. When stored at room temperature m brown glass the per- 
oxide maintained its lodometric titre of 100-0 % inde^tely. 

Benzoquinone. Eastman Kodak Co., was sublimed at atmo^heric pressure, 
m.p. 115-116“. 

Chloranil, Eastman Kodak Co., 'w^a recrystalhsed from 95 % ethanol, m.p. 
288-90°. Trichloioquiuone was prepared by the method of Levy aad Schulz.” 
The crude product was recrystalhsed three tunes from absolute ethanol and each 
time the firet two-thirds of the crystals deposited wrcre discarded . The material 
used melted at 270-0-272-5°. 

Duroquiaone was prepared from durene by the method of Organic Syntheses.^* 
The crude product was sublimed at atmospheric pressure, m.p. 109-0-109-5°. 

Preparation of Samples. — Solutions of benzoquinone or duroquinone, per- 
oxide and aUyl acetate -were made up by weight immediately before each run 
was started. Samples were then transferred to constricted test-tubes which had 
been carefully cleaned and dried. The tubes were cooled to — 80°, evacuated 
to 1-2 mm., closed off from the pump and allowed to ivarm up to room tem- 
perature and establish hquid-vaponr eqTulibrium. The whole procedure wras 
xe^>eated four times and thie tubes were cooled, evacuated and seiJed off. After 
being warmed to room temperature they were placed m an oil thermostat in 
which the temperature was mamtained constant to ± o-oi° in the work with 
allyl acetate and ± 0-001° in the work with vinyl acetate. Samples were re- 
moved at intervals and chilled immediately with " dry ice." In the runs witia 
chloranil and trichloioquin- 
one individual samples of 
the quinone were weighed 
into the tubes and the ap- 
propriate volumes of jrar- 
oxide-aJlyl acetate solution 
were added by means of a 
volumetric pipette. Aifter 
the effect of light on quinone 
solutions was discovered all 
solutions were mixed in a 
Corning Low Actmic flask 
and tlw runs were carried 
out in tubes of the same 
glassware except where 
otherwise noted. 

Deterioration of Benzo< 
quinone Solutions. — A 
solution of benzoqumone and 
benzoyl peroxide in allyl 
acetate was made up by 
wdght and allowed to siwd exposed to sunlight in a Pyiex flask on the 
lab^tory desk. Samples were removed and analysed periodically. A similar 
solution stored in a Corning Low Actinic flask showed no deterioration. The 
accompanying table summarises the results. 

” Nozaki and Bartlett, J. Amer. Chetn. Soc., 1946, 68, 2378. 

Levy and Schulz, AnnaUn, i88x, aio, 

^ Gilman and BUfatt, Organic SynJ^usis, (V^y and Sons, New York, 1943), 
Vol. II, p. 254. 


TABLE III. — Solution Standing in 
Pyrxx Flask. 


Time m hr. 

Peroxide 

Molab/kg. 

Qumone 

Mo^es/kg. 

Allyl Acetate 
Moles/kg. 

0-0 

0-257 

0-257 

9*09 

5*0 

0-242 

0-242 

9-04 

48 

0-245 

0-208 

9-08 

54 

0*251 

0-209 

9*10 

96 

0-238 

0'i68 

9*13 

Solution J 

Standing in 

Low Acti] 

sue Flask. 

0-0 

0-257 

0-257 

9-09 

50 

1 

0-261 

0-257 

9-09 
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Absorption Spectra were determined with a Beckman Spectrophotometer, 
Model DU. The measurements wore made in a solvent consisting of ethanol 
distilled over sodium hydroxide and a small amount of chloroform which was 
added to keep the polymer in solution. The comparison solution contained the 
same weight fraction of chloroform. 


Conclusion. 

The study of tho inhibition and retardation of polymerisation of allyl 
acetate and vinyl acetate by quinoncs has shown that no single simple 
mechanism yet suggested for the succession of inhibition steps will account 
for the facts. The continuous absorption in the visible and near ultra- 
violet shown by the products from benzoquinone inhibition suggests a 
mixture containing substituted quinones and hydroquinoue ethers, but 
which must also contain a stiU greater variety of coloured products, 
probably including polyquinone-like substances. There is chemical 
evidence of C — and 0-— alkylation of the quinone. The strongest and 
weakest retarders among the quinones studied were tetra-substituted 
compounds. Except for benzoquinone, which probably copolymerises to 
some extent, the quinones show the expected linear relation between log M 
and log I, which permits the determination of the ratio between the rate 
constants for inhibition and for chain propagation. The logarithms of 
those ratios run parallel to the oxidation potentials of the quinones, but 
are not a Uuear function of the potentials. The values of for the 
same retarder vary with different monomers, but not always in the 
direction of stronger inhibition of the less readily polymerised monomers. 


Une dtude sur riuhibition ot le retard dc la polymerisation des acetates 
d'allylo ot de viuyle par les quinones a montre qu'un seul mecanisme simple 
ne peut rendre compto de la succession des eta^ dans I'inhibition. Les quinones, 
benzoquinone exceptee, presentent la relation Imeaire entre log Af et log J 
d’apres laquello le rappoH des constantes de vitesse pour riuhibition et pour 
la propagation dc la chalne peut etre determine. Le logarithme de ce rapport 
suit par^^lement) os potentiels d’oxydation des quinones. 


Zusammenf assung . 

Bine Untcrsuchung der Uuterbrcchung und Vcrzdgerung der Polymerisation 
von Allyl- und Vinylacctat durch Chinone zoigt, dass ki^ einfacher Mechanismus 
alloin die Aufciuandorfolgo dor Verzagerungsstulcn erklftren kann. Die Chinone, 
mil Ausnalimo von Benzochinon, goben eine lineare Boziehung zwischen log Af 
und log I, woraus der Quotient dor Goschwindigkeitskonst^ten ftlr Unter- 
brochung und Kcttenfortpllanzung bestimmt werden kaxm. Der Logarithmus 
dieses Quotienten veriauft parallel zu den Oxydationspotentialen der Chinone. 

Converse Memorial Laboratory, 

Harvard University, 

Cambride 38, Massachusetts, U.S.A. 



REACTIVITY AND STRUCTURE OF DIENES 
AND THEIR POLYMERS * 

PART I : REACTIVITY OF tc-COMPLEX 
COMPOUNDS. 

By G. Salomon. 

Received, 7 &ih July, 1947. 

Reactions involving the carbon-carbon double bond fall into two 
typical groups : ^ (a) those taking place through a free-radical mechanism 
and (&) ionic reactions. It is the purpose of the present paper to draw 
attention to a large group of reactions, which have in common the inter- 
mediate formation of a labile complex compound, while they may belong 
to either of the above groups or form a border-line case. The kinetic 
proof of the existence of these reactive intermediates is the occurrence of 
a Uao-stage process. We shall name these compounds fr-complexes, for 
reasons which will become clear immediately, and we shall differentiate 
them from a transition state in that their half-life must be much longer 
than that of free radicals, such as CH3 *, C,Hb * or H *, in solution.* 

We shall proceed by giving a more deUiled definition of w-complex 
compounds. The following sections will deal first with kinetic evidence 
of the occurrence of 7r-complexes and then with an equilibrium study of 
labile, but non-reactive, «^complexes. We shall finally treat the similarity 
existing between stabilised radicals in solution and “ free atoms of heavy 
elements. 

Although the occurrence of ir-complex compoimds is a general phe- 
nomenon not related in a particular way to polymer chemistry, it is 
thought essential to explain their properties before dealing, in Fart II 
of tl:^ paper, with more specialised resets in the latter field. 

I. The Structure of n-complex Compounds. 

Dewar* has postulated the existence of a chemical bond between 
the ir-electrons of an unsaturated S3rstem and an acceptor molecule or 
ion. It differs from an ordinary chemical bond in that it combines groups 
and not atoms, Dewar then postulates that the strength of this bond 
varies inversely with the stability of the ion, which t^es part in the 
formation of this bond. To illustrate what is meant by this we shall repeat 
the examples of the upper and lower limit of ir-bonds as envisaged by 
Dewar : (a) in a benzene solution of iodine the weak bond rev^ds iis 
existence by anomalous colour and dipole moment, (h) in aromatic intra- 
molecular-rearrangement reactions the intermediate occurrence of a very 
unstable OH+ ion attached by a strong »-bond to the negatively charged 
aromatic nucleus, is made plausible on kinetic reasoning. 

So far the new definition does not offer any practical advantage, the 
first case being identical with van der Waals forces, while the second 
case cannot be separated experimentally from a transition state. The 
usefulness of the conception of dative bonds from ir-electrons becomes 

* Communication No. 76 from the Rubber Foundation. 

^ Price, Mechanisms of Reactions at Carbon^arbon Double Bonds (Inteisdence 
PubL, New York, 1946). 

•"Waters, The Chemistry of Free Radicals (Oxford, 1946)* 

* Dewar, J. Chem. Soe., 1946, 406. 
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apparent in the suggestions made by Walsh./ 
between 

CHy=BseCH| CHj===CHj 

1 ^ 

Ag+ Br* 

(I) (II) 

where (I) represents a non-reactive, but loosely bound, 7r-complex, (II) a 
very reactive transition state (a hypothesis ol long standing in the theory 
of bromination), and (III) is a new symbol for e^ylene oxide to indicate 
the similarity in atomic orbitals between a 3 -ring and an ethylene group. 
Although formula (III) has been criticised ■ we shall make use of (I)-(III) 
to describe here a series of complex-compounds with gradually changing 
properties. 

The heat of fontmtion of (I) has been interpreted as resonance energy * 
and we shall give further experimental evidence in support of this assump- 
tion (see section III). While these loose n^bonds with either Ag+ or Cu+ 
seem not to catalyse reactions, the introduction of Hg++ in the complex (I) 
leads to a different situation. The stability of C,H4 -► Hg++ seems not 
to differ ’ essentially from (I) but mercuration of the olefin occurs ’ 
simultaneously. Substitution of ethylene by acetylene in (I) does not 
alter the tendency to form CaH, -»■ Hg'H- ; however, a hydration of acetyl- 
ene, catalysed also by a mercuri-compound but different in structure 
from the stable complex,* becomes the main reaction. This striking 
changes from inert silver- to very reactive mercuri-complex compounds 
can ^ better understood from the experimental details of bromination. 
Double bonds with a low concentration of available ir-clectrons show little 
tendency to add bromine, if, however, bromine is first transformed in the 
complex compound mercurisulphate-bromine, the reaction proceeds very 
fast.* This is clearly a two-stage process in which the first phase, the 
formation of the complex olefin mercurisulphate-bromine can be experi- 
mentally separated from the second step. It is of importance for an 
understanding of the kinetic phenomena, which we wish to discuss, to 
analyse the structure of this complex in more detail. We can distinguish 
three equilibria : 

W Olefin -f Hg++S04 "^olefin -► Hg++S07“. 

The ir-electrons in this complex become delocsdised by resonance energy. 

(6) HgSO* aq Br^^ HgS04 aq Br,. 

A very loose " association ” between the mercuri-salt and bromine takes place. 

j^olefin Hg++S07” 

(c) olefin -*■ HgS04Brjaq 

l'\HgS04Br,aq. 

The reactive labile complex is finally formed from the two primary 
complexes. 

The second stage, i,e. the reaction, could be formally described as the 
simultaneous occurrence of structures (I) and (II) in ^e complex. But 
an explanation has still to be given of the part taken by the heavy Hg 
atom in this transformation. Some guidance can be obtained from the 
fact that a similarity exists between this reagent and other carriers of 
reactive bromine : the Hg complex causes not only addition, but also 
substitution.* The same feature has been noted with IBr, while ICl 

* Walsh, Nature, 1947, *S9t 165, 712. 

* Robinron, ibid, 1947, 159, 401. 

* Winsteln and Lucas, J. Amer. Chem. Soc., r938, 60, 836. 

'* Lucas, Hepner and Winstein, ibid., 1939, 61, 3102. 

* Frieman, Kennedy and Lucas, ibid., 1937, 59i 7^3. 

* Lucas and Pressnlan, iTtd. Eng. Chem. Anal., 1938, 10, 140. 

Tuot, BvU. Soc. Chim., France, 194a, 9, 899. 
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has moro tendency to substitute branched olefins than Br,. The in- 
fluence o£ these heavy atoms then seems to favour the intermediate forma- 
tion of Br radicals simultaneously with that of Br+ ions. Another 
parallel can be noted between these phenomena and the versatility of 
“ positive bromine " compounds. Bromo-succinimide, ori^mally intro- 
duced as a source of Br radicaLs causiug substitution, forms also a mole- 
cular complex with JMcdel-CrafLs’ catalysts and tliis complex produces 
reaction with the aromatic double bond.** 

The last-meutiunud experiment gives the close kinetic correlation 
between complex formation iii bnimmatiun and Friedcl-Crafts’ catalysis. 
There wo have to deal with an equilibrium between the three types of 
complex compounds, olcfin-catal3rst, organic halide-catalyst and olofin- 
orgamc halide. The fact then that the activity of the same catalysts 
depends greatly on the typo of reaction ** will be related not only to the 
second stage governing the formation of a now bond, but to the heat of 
formation of the complex compound. The latter is accessible to experi- 
mental investigation. 


II. n -Complex Equilibria as a Rate -determining Factor. 

Let g be the heat released in the formation of a ir-complcx and E the 
heat of activation necessary to cause reaction in the second stage, it is 
evident that the temperature cooSiciont of the overall reaction will 
dopond on the difiorence between q and E. In addition, in all cases where 
q is small, dilution will favour the reversion of the 7 r-complcx in its com- 
ponents and cause an exceptional retardation of the reaction. Therefore 
m reactions involving loose »-bonds we may expect to observe either a 
marked increase of the rate on cooling to very low temperatures or a 
“ ceiling temperature ” on warming to an upper, limiting teinperature at 
which the complex can no longer exist, and moreover, as already men- 
tioned, an anomalous retardation on dilution. The other extreme case 
discussed already by Dewar, would be the formation of the unstable ion 
OH*" which forms a very stable w-bond and can therefore not bo dis- 
tinguished kinetically from a first-onior rearrangement. The experimental 
evidence obtainable up to now is based on incidental observations men- 
tioned ill the literature or from these laboratories. The following may serve 
to illustrate the occurrcuco of the expected phenomena. 

Traces of water dotormiuu the rate of ICl formation in solution. As 
llic reaction is accelerated by cooling, the formation of a labile hydrate 
Cls . (H| 0 )m, takbig part in tlio reaction, has been suggested.** ICl itsdf 
can produce not only Cl in substitution reactions, but it cau also cause 
preforuutial addition of 2 mol. Cl« to two of the three double bonds in 
olco-slearic acid.** 

The bromine derivative of allyl chloride is formed readily from tlio 
components in high concentration but during Litration in dilute solution 
broii^ne adds very slowly to the allylic double bond, fifothallyl chloride, 
with a higher concentration of available tr-cicetrons does not show this 
anomalous influence of concentratiou. The phenomena has been observed 
also with allyl chlorides of a moro complicated structure. It suggests 
the occurrence of (Br,)«-complox compounds in concentrated solutions, 
from which Br+ is easier formed than from a Br, molecule in dilute 
solutions. 


** Bloomfield, J. Soc. Cham, Ind„ 1945* ^4, 274. 

** Ziegler et al., AnneUen, 1942, 551, 80. 

** Schmid, Helv. Chim. Acta.. X946, 29, 1144. 

** Price, Orftmic RsacHons, Vol. Ill (Wiley, Now York, 1946). 
** Ilildobrand, J. Ante/. Chem. Soc., 1946, 68, 916. 

*• Wan and Hio, ibid., 1939, 61, 2277. 
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The complex formation of HCl with olefins has been suggested as a 
precursor to the addition reaction. That this is correct can be deduced 
from the explosive violence of the reaction with liquid hydrogen chloride ; ” 
moreover, the temperature coefficient is anomalous.^ 

The addition of HCl to isoprene was believed to lead to the i : 4- 
product only.i* It has been shown, however, that isoprene reacts first 
as a non-con jugated diene because the 1 : 2-addition product is produced 
first, which isomerises under the infi.uence of traces of acid.** 

The copolymerisation of olefins with SO| is a radical-catalysed chain 
reaction. It is terminated ** however at an upper " coiling temperature 
As the same phenomenon has been observed by Dr. G. J. van Amerongen 
in this laboratory in the reaction between SO, and olefinic polymers the 
inference is that a labile complex, which dissociates at higher tem- 
peratures, is a rate-determining intermediate. 

The molecular weight of pol3r<sobutene decreases rapidly, as is well 
known, with increasing temperature of pol3rmerisation. The tentative 
assumption can be made that ^e chain-propagating step involves a complex 
compound, which dissociates more frequently with increasing temperature. 
Closely related to these reactions is the polymerisation of 3-membered 

C,Hg— CH— CH, 

imines. It has* been observed that styrenc-imine \. / is 

NH 

fairly stable but polymerises on the addition of acids or bases.** This 
indicates that a compound of t3rpe (III) becomes as reactive as type (II) 
by a change of pa only. More detailed studies on the properties of elhylcne 
iminc ** reveal that violent polymerisation can be induced alternatively 
by Firiedel-Crafts’ catalysts, radicals, or a change in pii alone. 

III. Formation and Properties of Non -reactive it -Complex 
Compounds. 

Available information * combined with recent results allows one to 
draw some conclusions regarding the structure, strength of bond and 
reactivity of complex compounds with Ag+. 

Influence of Structure. — Winstein and Lucas studied the equili- 
brium : CClg Water 

Olefin Olefin 

N. AgNO,. 

From a comparison of equilibrium constants the impression was gained * 
that steric factors ovcrsliadow the influence of available w-elcctrona. 
Bulky methyl groups surrounding the double bond cause a shift of the 
equilibrium to the left. Wc can confirm these conclusions from a study 
made on olefinic polymers in tlio equilibrium : 

dioxane dioxanc 

water water 

AgNO, AgNO, 

polymer. 

Methyl rubber with two metliyl groups on the double Ixind shows 
mucii I0.SS affinity to silver nitrate than any other polymeric olefin. While 
this surprisingly large influence of two methyl groujis on the double bund 
may bo either duo to hyperconjugatious, i.e. a reduction of the available 
ir-eloctron concentration, or to a screening effect, tlio preponderance of 

** A.P. T, <j8o, 3y0 (0 E. Gebauor-Fuelncgg, E. W. Mnfolt and Marbou Co. 

^*Mayo and Katz, Absir., loytJi meeting, A.C.S., 

Jones and Chorloy, J. Chew. Soc., UJ4O, 83a. *® Ultdo, Und., (in x>russ). 

Snow and J''rcy, ./. Amer. Chew. See., 19^3, 65, 2.1x7. 

•* Freiindlicli and Salomon, X. (thysik. Chrm. A, lyjj, 166, 16 r. 

Join's, i't al., J. Org, Chem., 1044, 9, T25, 4H4. 
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geometrical symmetry becomes more evident from a study of the solid 
complex compounds. We have found that a crystalline solid with a typical 
X-ray diagram can be produced from all olefins, the m.p. of which is 
roughly 120° higher than that of tlie ololin. No indications have been 
obtaiiu'd for a preference to form a complex with a i : i composition. 

The iKjhavioiir of polymers gives further support to the conclusion that 
crystallisation essentially depends on geometric symmetry. The complex 
compounds from syutlictic ixilymors are amorphous while those from natural 
rubier ■* and gutbi-iiorcha give well-defined crystal diagrams. It was in 
fact this curious phenomenon which induced us to further research. 

Structurk and Reactivity. — The properties of a complex compound 
necessary for a reaction arc not yet fully understood. Originally it was 
thought that, because the ethylene brumonium ion intermediate (II) is 
very reactive, the analogous silver ion (I) would induce opening of the 
double bond, followed by isomerisation. Cis- and fratj^-butene have 
been dissolved in silver nitrate solution, but no indication was obtained 
of partial isomerisation. The cr3rstallisatiou of gutta and rubber 

(cis) is a very sensitive measure of the retention of the original configura- 
tion, nevertheless, no cixange has boon observed after recovery of the 
IMlymer from tlie complex compounds. This result is, at first sight, 
rather unexpected but tlie cause, .stabilisation of the complex by resonance, 
can Ixj visibly demonstrated with dicnos. 

Wo have found, tliat conjugated dienes dissolve in 4N., or saturated, 
aqueous AgNO, solution to give a light yellow colour. This api>earancc of 
a yellow colour means tliat the degree of delocalisation of tt-elecirons in the 
diene n-complex is comparable to the state of resonance in polyenes. 

Another factor which needs further investigation is the pMt taken by 
the NOj“ in these complexes. As aqueous solutions of AgC104 behave 
similarly, the contribution of the anion seems not to bo of fundamental 
significance. However, it is known that AgClO^ “ dissolves ” in benrono 
and this indicates individual differences. V^le the yellow crystals from 
dienes with AgNOs possess no greater stability than those horn olefins 
of comparable melting point, CuCl exhibits other properties. Here the 
complex compound witii dienes is frequently a solid wliich allows the 
separation of it from olefins. The analogy betMreen the AgNO, complexes 
and aromatic complexes has been noted already from the incidence of a 
visible cliango in colour. It may bo mentioned that in the latter group 
geometrical factors liave also boon found essential for the stability of the 
complex. 

rv. Some General Conclusions. 

Wo liavc stated iu the beginning that reactions involving «r-complex 
compounds con be found also in read ions involving free radicals. Wc 
shall proceed now to provide arguments for tliis from a discussion of 
Teootious involving (a) the he.avy atoms, T and S, (&) radicals stabilised 
by resonance. Tlio coiiclushms which can be drawn from the experi- 
mental evidence presented alcove can bo summarised as follows. 

1. Heactiuns of the polar type, such us the addition of halides, involve 
the formation of a labile hitennodiato as the first stage of the reaction. 
This first phase is frequently a true equilibrium reaction with a definite 
but small heat of formation, as can be deduced from kinetic evidence. 

2. The forces holding these complex compounds together are of the 
magnitude of van der Waals forces. The olofinic part of the complex is 
attached to the " anorganic " fraction through the action of »r-olcctrons 
while saturated molocul^ such as organic halides take part in the complex 
through the dipolo interaction witl\ the metal salt. 

Kralky ci al,, Nattmviss., 1938, a6, 123. 

*® Lucas et al., J. Amer. Chem. Soc., T(}43, 63, 227, 230. 

** Rapson, Saundor and Stewart, J. Chem. Soc„ i9.{fi, tlio. 
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3. The analogy between complex compounds involving silver and 
div^ent mercury is very close. It is therefore thought permissible to 
draw some general conclusions^ gained from a study of the silver complex, 
on the nature of w-bonds in solution. Although the availability of n- 
electrons in the olefin is ona essential factor determining the strength of 
the ^nd, the other, the screening of the double bond by bulky groups, 
preponderates. A difiorentiation between a pmely geometrical influence 
and the reduction of ir-clectron concentration due to h3rperconjugation 
cannot yet be deduced from our experiments. 

One can surmise that this surprisingly powerful influence of steric 
factors also governs reactions involving free radicals. The preference 
given in studies from Kharasch*s laboratory, to olefins with a terminal 
double bond may be taken as an indication of this. 

4. Another common feature of tliese loose v-complexcs is that the 
direction of the ultimate reaction can be influenced by minute changes in 
experimental conditions. They can be of both the radical and the polar 
t3rpe. The course of the reaction, and therefore the final ratio of 3delds, 
can be influenced in a reaction involving polar reagents of the Friedel- 
Craft type by a side reaction of the radical-type, o.g. involving oxygen ; 
and, vice versa, the presence of Friedel-Craft catal^ can influence the 
course of a radical-chain reaction. 

5. Obviously such a general statement as this can add nothing new 
in principle. Its importance has been clearly realised in silicon chemistry 
and in Ifle application of labile carbonyl compounds in the addition of 
CO -f- H ,0 to the double bond (Reppe). 

The point we wish to make clear by this discussion is that the first 
step in reactions involving olefins must not in general be thought of as a 
transition state but as a labile molecule. We shall now illustrate our line 
of thought by applying it to some cases important in polymer chemistry. 

Reactions Involving Sulphur and Iodine. — ^Both these elements have 
in common the easy change in valency and — as a consequence of this 
property — ^the ability to form loose complex compounds in solutions and 
the liquid state. The concept of a “ free " sulphur or iodine atom in 
solution has no physical significance. From the known properties of these 
elements it must 1^ inferred that, if atoms are formed the molecules 
in the dissolved or liquid state, they will surround themselves immediately, 
by " complex formation,” with loosely bound neighbouring molecules. 
A " complex ” of this kind may still be much more reactive than a S—S 
or I — 1 molecule but its lifetime as a radical will resemble more that of 
triphenylmotliyl than that of phenyl. 

Let us now apply point (4) of our general statement to this conception 
of reactive sulphur in the special case of vulcanisation. It then becomes 
clear that (a) variation of experimental conditions can easily alter the 
amount of crosslinking, (p) that a reaction involving sulphur may simul- 
taneously follow a ra^c^ mechanism and be catalysed by mcial salts. 
This argument at once removes certain difificultios still present in the 
theory of vulcanisation.** 

It would be expected from their position in the periodic table that the 
" radicals ” O > S > Se > Te would lose their radical character in this order 
and therefore th^ capacity to ” vulcanise ” by causing crosslinking. 
This is borne out by experimental facts. Small quantities of oxygen always 
tend to cause crosslinMng, while increasing quantities of sulphur have only 
a small influence on the degree of crosslinking.** Selenium alone lacks 
all capacity to vulcanise, but combined with sulphur, it takes part in the 
reaction. 

The analogous line of thought can be applied to the role played by 
iodine in inhibition and catal37si8 of oxidation and polymerisation. The 

•’Naylor, J. Pofymer Sd., 1946, i, 305. 

** Farmer and Shipley, «6id., 1946, i, 293. 

•• Salomon and van Amerongen, ibid., 1947. ^ press). 
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ability of iodine (and sulphur) to produce complex compounds with a half- 
life much longer than tloat of true free radices mak^ their dual role in 
such rcactioiis possible. Dufraisse has proposed a theory of inhibition 
of the tyj>c : 

A — -O * + Inhibitor ->■ A -I- Inliibitor — O* -»• Inhibitor -f- O, 
by which the inhibitor should remain active over an indefinite period 
While this liypothcsis cannot lx‘ applied lo the action of inhibitors used 
generally in technical polymerisation, it ctwors many facts known in the 
kinetics of reactions involving sulphur and iodine, which are difficult to 
reconcile with the conventional chain tlicory. The point which obviously 
needs more specification is the definition of a free radical in the liquid 
state which will now be discussed. 

Reactions Involving Free Radicals in the Liquid State. — A stabilisa- 
tion energy of about 7 kcal. on formation of triphenylmethyl can be de- 
duced from equilibrium measurements.®^ How much of this energy can 
bo attributed to a change in van der Watils attraction with the solvent 
cannot be ascertained but it seems likely that the free valency will con- 
siderably increase the tendency to form a complex with the solvent. In 
contrast with the non-stabilis^ radicals, triphenylmethyl has properties 
and a reactivity quite comparable to that of a complex compound. It 
does not induce polymerisation and adds readily to the double bond. 
This we find to be the ca.se also with a number of sulphur compounds 
which react readily with the double bond, but do not cause croasUnking 
in polymers.®* The similarity to the It — CH| — S radicals prominent 
for their ability to act as a chain>transfer agent, is obvious. It can be 
surmised that the '* co-ordiuative power " of sulphur in these radicals 
contributes to the long life or, in other words, the high stability and the 
tendency to add preferentially to the double bond. 

In polymer chemistry, activity of a free radical can be estimated from 
its tendency to produce crossUnl^ in natural rubber. The double bond 
in this polymer is less readily acccasible than the terminal double bonds 
occurring in polybutadioncs. Moreover, for other reasons •* addition of 
radicals to tho double bond will cause cyclisation rather than vulcanisation 
in natural rubber. Crosslinking therefore will be due to abstraction of 
hydrogen in the a-methylenic position. Diazo-aminobenzeno a potential 
source of C,Hg* radicals has a much more pronounced vulcanising effect 
than benzoyl peroxide from which C,H,COO* radicals ®* are also formed. 
The bonlorlino case can be found in a number of halides ®® which on 
decomposition cause croaslinking of tho terminal vinyl groups in poly- 
butadienes but do not produce the effect of vulcanisation in natural rubber. 

To sum up, tho kinotic characteristics of a free radical in solution are 
gradually cliougcd to that of a labile complex compound with increasing 
stability of tho radical. A radical of long-life acquires the ability to add 
proierentially to tho double bond. The accessibility of tho doublo bond 
to such a radical is i>ioreased by the availability of v-clcctrons but de- 
creased by tho screening effect of bulky groups surrounding the bond. The 
influence exerted by catalysts on reactions involving labile complex 
compounds or, what is the same, .stabilised radicals, can be correlated 
with tho properties of tho atom. This has boon suggested for the case of 
sulphur, iodine and related compounds; more information on the pro- 
peiiaes of atomic orbitals is, however, needed in the case of catalysis through 
heavy motels. 

*® Dufraisse and Chovin, Hemdbuch der Katalyse, Vol. II (Wien, 1940). 

®‘ Ziegler, Orth and Weber, Annalen, 1933. 504 i 131* 

•® Cunneen, J. Chem. Soc„ 1947, 37, 135. 

*' Farmer, Adv. CoUoid Sci., Vbl. II (Interscience Pnbl., New York, 1946), 
p. 305. 

*® (a) Farmer and Michael, J. Chem. See., 1943, 513 ; (&) Hermans and van 
Eyk, J. Polymer Sci., 1946, i, 407. 

•• Sturgis, Baum and Trepa^ior, Ind. Eng. Chem., 1947, 39, 64. 
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Summary. 

1. ir-complox compounds is tho name, proposed by Dowar, for labile mole- 
cules formed by the interaction of 7 r-clccixons in unsatnrated systems with a 
second molecule or ion. It is pointed out that the intennodiate occurrence of 
ip-complcx compounds, with a measurable life-time, in polar as woll as radical 
reactions, is of great importance. 

2 . As the formation of an intermediate ir-complex is accompanied by release 
of heat, it must bo expected that the temperature function of tho reaction and 
other luetic criteria become anomalous if the complex is a rate-determining 
factor. Experimental evidence for m given. 

3 . Factors influencing tho strength of the n-bonds are evaluated from an 
equUibrium study on silver nitrate-olefin complex compounds. It is found that 
the availability of n^lectrons is e&sential but that the " storic effect " of bulky 
groups can preponderato. The latter may bo correlated with tho first &ctor by 
hyperconjugation. The melting points of solid complex compounds depend on 
the same factors of geometrical symmeixy as the molting points of the olefinic 
hydrocarbons. Solid and liqnid complmc compoimds from conjugated dienes 
are light yellow, comparable to the colour of polyenes. 

4 . It is pointed out, that tho first step in reactions involving olefins is fre- 
quently a labile molecule. A bettor understanding of the properties of this long- 
living intermediate is essential for further development m polymer chemistry. 
The intermediate formation of ir-complexes are assumed in reactions involving 
sulphur and iodine. Inconsistencies in present kinetic theories can be removed 
by taking this into account. The concept of a free radical in solutions needs 
specification by a consideration of its lifc-time. Stabilised radicals havo the 
kinetic charactoistics of ir-complox compounds. Differences in crosslinking 
tendencies of natural and synthetic rubbers can be explained on this assumption. 

R§siim6. 

On souligne Timportance des composes complcxes-ir, qui ont unu vie mesura- 
ble dans les rdactions polaires et dans chiles de radicanx. Les factonrs, qui 
influencent la force des liaisons-nr, sont dvalu^ d’aprte I'^tudo des composes 
nitrate d’argent-oldfine. Des contradictions, prdsentes dans les thtoriea actuellcs, 
peuvent fitre snpprim^os, si Ton suppose Tesdstence de tels complexes-n- intormddi- 
aiies dans les r&ictions comnortant le sonfre ot I'iode. Los complcxes-ir sont 
tr^ importants dans la diimle des polym^res. 

Zusammenfassung . 

Die Bedentung von ir-Komplcxvcrbindung mit messbaror Lebonsdauor ftlr 
polare und Radikalreaktionon wird hervorgehobon, Dio Faktoron, die die 
S^ke der ir-Bindungen bceinflussen, werden durch Untersuchung der Silber- 
nitrat-016fin Komplexe ausgewertet. WidersprUche in gegenw&rtigen Thcoricn 
kOnnen beseitigt werden, wenn angenommen wird, dass aolcho Komplexe als 
Zwischenprodukto in Reaktionen nut Schwefel und Jod auftieten. Dio Bedeu- 
tung von ir-Komplcxverbindungen in der Chemie der Folymeren wild erbrtert. 


Research Laboratory of the Rubber Foundation, 
Delft [Holland). 
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We have studied polymerisation reactions of dimes in order to evaluate 
the position of pol3risoprones within a broad range of pol}miers, only a 
small number of which is commercially available. The lirst section gives 
some aspects of pol3rmcr synthesis while in the second, correlations existing 
between dienes and pol5nnor structure are discussed. The preparation 
of derivatives from natural rubber has been tn'ated already by a number 
of authors. Wo shall therefore report no essentially new experimental 
fact.s, but existing kinetic correlations lietween dienic and olefinic reactivity 
will lie pointed out. 

The occurrence of fr-complex compounds as a rate-determining stop 
in olefmic reactions has been discussod in port 1. It will be assumed 
throughout this paper that (a) the capacity to act cither as a donor or an 
acceptor of ir-eleutrons is essential for the course of a reaction ; {b) a great 
number of radicals, particularly those involving sulphur and iodine, are 
stabilised in solution and therefore kmetically very similar to ir-complexes. 

I. Polymerisation of Dienes. 

In a study of homogeneous polymerisation ^ it was found that the 
rate of dimerisation diminishes m the sequence : butadiene (i) > iso- 
prene (o-O) > 2 ; 3-dimethylbutadicno (0*3). As a consequence of this 
side reaction it is impossible to follow the homogeneous polymerisation 
of butadiene with great accuracy while methylrubbcr can be produced 
in almast iiuantitativc yields and polyisopronc to about 92 %. It will 
be convenient to give first .some information on catalysts. 

Inhibitors and Initiators. — ^Introduction of inhibitors allows tlie 
study of Dicls-Alder reactions without interference of a simultaneoiisly- 
(Xicurring polymcrisatioii, while a good initialnr is essential for the per- 
(oniiance of high yields of ela.stomcrR. 'Ihe three dienes show consider- 
able tendency to polymerise under tiic influence of traces impurities, 
which are pix'sent oven if ])ariicular core is taken to exclude oxygen. 
The efliciency of an inhibitor can be measured by tlic suppression of this 
" heat polymerisation ". Nitrocompounds such as picric acid and tri- 
nitrotoluene have been found most clfcctive with vinyl compounds,* 
and we can confirm this observation for dioncs, only traces of polymers 
being formed after weeks at 100" c. Pyrogallol and hydroquinone arc 
approximately equally effective, while iodine and organic iodine com- 
pounds, e.g. iodoform, show a somewhat diitcrent behaviour. They permit 
a certain amount (5-10 %) of polymer to be formed, but this is oily, 
indicating a strong chain-traxisler activity. The same obsorvation has 
bceti made for sulphur compounds such as thiophenol, while sulphur 
itself and thiourea produce a weak catalytic effect. The change from 
inhibitor to initiator is a very gradual one, comprising such different 
compounds os silver nitrate, acetic acid and chloranil which initiators 

* Communication No. 77 from the Rubber Foundation. 

* Kooingsbeimr and Sdoinon, J. Polymer iqaO, i, 200. 

* Frank and Adams, J. Amer. Chow. Soe„ xg^O, 60, 908. 
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liave in common a strong tendency to reduce the size of the pol3^er. 
This is also tho case with most organic peroxides, which arc surprisingly 
weak initiators. The explanation is probably that most of the decomposi- 
tion products arc stabilised by resonance and show therefore littlo tendency 
to add to the diene, reacting finally with allylic hydrogen or the double 
bond in tlie polymer. 

Tho only interesting uutiator that wo have found ^ is diazo-amiuo- 
benzene. As all other compounds of this group are loss active it is 
probable that tho continuous formation of phenyl radicals produces tho 
desirable catalysis. The usual increase of the rate with tho square root 
of initiator concentration was also found lor dienes. 

The influence of vinyl compounds on the rate of polymerisation is 
surprisingly small ’ but we have made two relevant obser^tions in this 
held. Dr. van der Meer has found that isoprene is a very eflective in- 
hibitor for the polymerisation of vinylideno chloride, a result which can 
probably be explained by the findings from Kharasch's laboratory.* The 
second interesting point is tho violent reaction of acrylic nitrile, polymerised 
either in bulk or in solution,* which is very dificrent from that of other 
vinyl compounds under similar conditions. Addition of either a diene or 
a second vinyl compound modifies fundamentally the high activity of the 
acrylic nitrile radical and its true properties are therefore ill-represented 
by figures of relative reactivity in co-pol3nnerisation. 

The type of polymer obtained from emulsions * diflers much less from 
bulk-pol3rmers than was expected at the beginning of our rcscarcli. The 
essential function of the emulsion seems only to be the production of more, 
and very reactive, radicals at lower temperatures. The fact, however, 
that the same typo of polymer is produced io*-xo* times faster, suggests 
that the inteifa^ has an accelerating effect which is not yet completely 
understood. An interesting detail in this field is the outstanding catalytic 
effect produced also in emulsions by diazoaminobenzene '• * which is 
probably not due to radical formation, but to the capacity of the azo- 
group ’ to transfer oxygen. 

Elastomers. — The rate of polymerisation is essentially the same for 
the three dienes, but the nature of the reaction products is very different.* 
The tendency to cross-link decreases in the series, butadiene >■ isoprone > 
dimethylbutadiene. Consequently the polybutadienes become quicldy 
insoluble even at low yields while the products from dimethyl butadiene 
are soluble even at very high yield. Long reaction times in bulk or pre- 
paration in emulsion produces a moderate amount of crosslinking in tho 
latter, which, however, can be broken down easily on the mill. This 
tendency to crosslink is, of course, the crucial point in the polymer chem- 
istry of butadiene. It is obviously correlated with the lact that the 
— CH,»=CH, groups, from i : a-polymerisation in butadiene are more 
apt to polymerise further than the — C(CH,)=nCH, groups in dimethyl- 
butadiene. Moreover, the occurrence of the first group in butadiono 
polymers is more frequent than the latter in polyisoprene and methyl- 
rubber. 

The principal difference between vinyl polymers and polymers from 
dienes is the extraordinary change in physical properties of the latter as 
a function of yields. The ** heat polymers," produced by the action of 
small quantiti^ of peroxidic impurities, are rubber-like even at very low 
yields, but all polymers product by the intentional addition of inii^tors 
are oUs rather than rubbers at very low yields, and their hardnasa and 
*' snappiness " grows gradually with, high^ yields. They pass through 

• IConingsberger and Salomon, /. Polymer Sci., 1946, i, 353, 

* Kharasch, Re iiunu th and Uixy, J. Amer. Cham. Soc., 1947, 69, 1106 ; soo *. 

* Salomon and Koiun^beiaer, J. Polymar Soi., 1946, i, 364. 

• Berezan, Dotaomysla and Dogadkin, Bull. Acad. Sci. V.S.SJl., 1936, 409. 

’ Garvey, Jr., Frylingand Semon, U.S. Pat. *,376,963 ; 2,375,987 ; 2,376,014. 
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a maximum ol rubbor-like properties, which is near 60-70 % }neld for 
butadicuo but above yo % yield for isoprenc and can bo observed only 
on prolonged heating in the case of dimethyl butadiene. As a consequence 
of these consecutive reactions, synthetic peljoncrs are extraordinary 
inhomogenouuK in size, this is sometimes nut fully appreciated as the 
formation of a large " ged-fraction '* tends to obscure the fact at higher 
yields. 

One obvious result of oo-polyuiorisatioii is the reduction of crosslinking, 
the polybutadieues are thus shifted into the region of tecJmologically-usoful 
rubbers. As is well known, the maximum of mechanical quality at about 
70 % yield Ls observed also iii co-polymerisation of butadiene, while it 
occurs for systems based on isoi>reno or dimethyl butadiene at higher 
yields. 

Diels-Alder Reactions. — ^As already mentioned this side reaction inter- 
feres with polymerisation. It is of particular interest as a relative measure 
of the acceptor properties of the double bond. Taking isoprene as a 
standard donor under antioxidation conditions we can roughly dis- 
tinguish the following changes in acceptor properties. 

1. Maleic anhydride, maleic imido, azodicarbonic acid esters and SO3 
react rapidly at room temporaturo. As is well known, substitution of the 
two hydrogen atoms in maleic anhydride by metliyl groups, destroys the 
diouophilic properties and this is a strong support fur the assumption 
that lack 0/ ir-olectrons on the double bond arc the essential factor in 
determining dionophihe properties. 

2. A slow Tea(^ion at 70** c. and a fast reaction at xoo^ c. has been 
found for esters of acetylene dicarbonic acid, acrolein and acrylic nitrile. 
The ethylene compounds of this class have, in common with the first- 
mentioned, an ovd^l shortage of »r-electrons, but has not the symmetry 
of charge distribution occurring in the first group. 

3. A slow reaction at 100° c. and a moderate reaction at 125° c. has 
been ot^rvod for a groat number of compounds, c.g. ester of zualoic acid 
and acrylic acid, meihylacrylonitzilo, styrene and so on. Their acceptor 
properties become similar to those of the double bond in isoprene. 

4. The rate of dimerisation of isoprene has a half-time of 2^0 hr. at 
100" c., 36 hr. at 125” c. and 7 hr. at 150“ c. The inilucuco of mothyl- 
groups on dimerisation, changing from butadiene to dimethyl butadiene, 
is surprisingly small (compared with the effect on maloic anhydride). 
This may be due to the comixjnsation of two factors. Methyl groups tend 
to incrotuso the resonance ii] the diene and therefore the donor properties 
in c ; 4-x)Osition, while they increase simultaneously the ir-electron con- 
centration on the ol6iinic-(accoptor-) double bond, thus diminishing the 
acceptor properties of the latter. As an olefin R — 0 ( 011 *) =jOH* has not the 
slightest acceptor properties for dienes at the same temporaturo, the 
acceptor properties of the i : 2- aixd 3 ; 4-doublc Imnd in dionos must bo 
entit^y due to resonance. 

Summing up, we can state that the. dienophilic proporlies of a double 
bond change fp^ually from maleic anhydride to the i : 2-group in di- 
methyl butadiene, the tomperaturas of similar reactivity being mure tliati 
100** higher in the latter case. 

Depolyxnerisadon. — ^The stability of the aix-membored ring system 
produced by a Diels-Aldor reaction depends cssoutially on the gain in 
resonance energy on decomposition. Adducts with maloic onhydiido arc 
therefore only moderately stable, while the terpenos produced by dimer- 
isation of isoprene, decompose at much higher temperatures. It has 
been shown that under suitable experimental conditions 60 % isoprene can 
bo obtained from dipontono.® The loss of 40 % is duo to secondary pyn)- 
lytic reactions. It follows from theoretical ct)nsidcrations • that the 

* llavis, Goldblatt and Palkin, Ind. Kng, Clietn,, t9/|C, 38, 53. 

•Bolland and Orr, Trans. J. Rubber Inst., 1945, 2I, 133. 
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long-chain radical produced in the pyrolysis of natural rubber should be 
particularly unstable, and the large gain in resonance energy should cause 
depolyinerisation in a chain reaction leading either to dipenleno or iso- 
prene as main product. Dr. Boonstra and Dr. van Amerongeu in this 
laboratory have produced experimental evidence for the correctness of 
this theory. Natural rubber can be converted to isoprene with a yield 
of 6o % under suitable conditions,*® the remaining 40 % being pyrol3rtic 
by-products, similar to those formed in the decomposition of dipentone.® 

A high yield of dienes can only be expected from a straight-chain 
polymer ; the method can be used therefore as a relative measure for a 
regular chain structure. Dr. van Amerongen has found 46 % isoprene 
from polyisoprene and only 14 % diene from Buna S, 8 % from sodium- 
Buna 1 15. Methyl-rubber on the other hand can be converted to 58 % 
diene. These results are in good agreement with other evidence, in- 
dicating a more regular structure of mcthylrubber and a decrease in 
regularity from isoprene to butadiene polymers,** while the sodium- 
pol3mierised butadiene has a particularly high concentration of vinyl 
side groups.** 

II. Structure and Mechanical Properties of Elastomers. 

Comparing natural rubber with synthetics we have to distinguish 
between (a) structural factors influenced by the method of polymerisation, 
and {b) differences in properties due to the application of molecular units 
other than isoprene. Rubberlike elasticity is strongly dependent on tem- 
perature. It can bo deduced from a number of recent investigations ** 
that the " brittle point," the temperature at which the polymer becomes 
brittle on fast deformation, is primarily dependent on pol3aner structure. 
From an evaluation of available data** the following conclusions have 
been reached. 

1. The regular sequence — CH, — CH=CH — CH, — produces a very 
flexible polymer chain, which, in the ideal case of a pure 1 : 4-polybutadiene, 
has a brittle point near -- 100° C. 

— CHg— CH— 

2. Insertion of groups either by co-polymerisation or 

by 1 : 2-addition, leads to a stiffening of the chain and therefore to a con- 
siderable increase in the limiting temperature of elasticity. 

3. Introduction of one methyl group in the diene (isoprene) raises the 
brittle point by 40” and a second methyl group (2 : 3-dimethylbutadicne) 
produces a further rise of 30®, or in the case of polymcthylpcntadiene even 
50°. This reduction in molecular mobility has also b^n deduced &om 
a study of gas permeability.** 

4. It follows from (2) and (3) that vinyl co-polymors from a methyl 
but^ene or a dimethylbutadiene have a brittle point far above that or 
natural rubber, and must therefore lose their rubber-like properties near 
o® c. This has been proved *® in the series of acrylic nitrile-diene co- 
polymers. They show the expected influence of the methyl group on 
the rate of recovery, while they do not differ in their swelling equilibria, 
the latter depending essentially on the nitrile concentration. 

These observations lead to the following conclusions : (a) the number 
of possible rubber-like polymers derived from dienes is limited in principle 
by insufficient " freeze-resistance," (6) a very flexible chain can be only 

*® Neth. Pat. 58,^7 to Boonstra, van Amerongen and Rubber Foundation. 

** Salomon and Koningsberger, J. Polymer Set. (in press). 

** Yakubebik, Vasiliev and Zhabina, Rubber Chem. Tech., 1945, 18, 780. 

“ (a) Boyer and Spencer, Adv. Colloid. Sci. (Intersdence Publ. 1948), Vol. II. 
(t) Liska, Jnd. Eng. Chem., 1944. 36, 44. (c) Borders and Juvo, iUa., 1946, 38, 
1066. ** van Amerongen, j. Appl. Physics, 194G, 17, 97.4, 

*• Salomon. J. Polymer. Sci (in press). 
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produced by preponderant 1 : if -addition in the butadiene and laoprene 
faeries and not by co-polymerisation. This leads us back to the kinetic 
problem of i : 4-additlon. 

The inference tliat the tendency lor 1 : 4-addition increases in the 
.senes, butadiene < isopreiic < 2 : 3-dinicthylbutadieno is baaed {a) on tlie 
analogous decrcahing acceptor propertias in the DioLs-Alder reaction, 
{})) deptilymerisation, {0) raccliamcal proiierties of the polyracra.’-^ The 
paradoxical situation thus exists, that tlie presence of methyl groups in 
dienes, wliile desu-able from a kinetic iKiint of view, liavo an un^wantod 
elfoct on the elastic firopcrtics of the polymer, l^oly butadiene from radical- 
catalysed synthesis contains 20-25 % vinyl groups,^* which indicates a 
preference for 1 : 4-addition liy a factor of 4-5. As this is due to the state 
of resonance in butadiene it is difUcult to imagine that the ratio 1 : 4/x : 2- 
addition could be influenced by variations in r^ical initiation. The metal- 
catalysed polymerisation on the other hand i.s a typical two-stage process,^’ 
in which the ratio 1:4/1: 2-addition can be changed by experimental 
conditions. 

The high degree of symmetry in natural rubber causes a unique 
phenomenon. The melting-point of the cr3n}tallmc fraction in stretched 
rubber approaches the meltmg-point of straight-chain paraffins. The 
crystals in stretched Neoprene lack this property completely and there is 
no satisfactory evidence for the absence of — CCl-=CH* side groups m 
Neoprene. The .s3mtlie.sis of a straight-chain olcflnic elastomer comparable 
in regularity to natural rubber has therefore not yet been perfonn^. 

III. Derivatives of Natural Rubber. 

Jtesults obtained in tins laboratory during the war were not published 
for obvious reasons and it was found later that the experimental evidence 
was similar to that produced already by Farmer and by Bloomfield.^* 
We shsdl therefore summariBo only some points relevant to a discussion 
on labile molecules. 

A. General Goneiderations. — ^Thc great reactivity of oUylic hydrogen 
is readily ascertained in the study of rubber derivatives, but the peculiar 
fact, that the secondary hydrogen in a-methylenic position exclusively 
and not the hydrogen atoms in ^o methyl group of natural rubber react, 
has only gradually emerged from the combined evidence produced by 
the B.R.P.R.A. team. Two factors can now be separated. The genenU 
properties of a tertiary olefin and the specific influence of resonance in 
the rubber chain. 

The TT-clectron concentration in a tertiary double bond is high and, as 
a consequence, polar reagents, c.g. IICI are readily added. Radicals 
should also add readily to the double bond, but are found to abstract 
preferentially the a-mcthylcnic hydrogen in certain coses. Which of 
the two altomativc reactions becomes preponderant seem.*! to depend on 
the nature of tlie radical.** This competition between an attack at cither 
the a-methylcnic hydrogen or at the double bond is influenced by the 
occummeo of h3rperconjugation in polyisoprono molecules.*^ The double 
bond b^mes stabilised by resonance and therefore less reactive. This 
sngg^ion flnds support in recent results obtained by Cunnecn.** Radicals 
of rile '* chain-transfer agent " type R.S* (see part I) add only to the double 
bond, but the case of addition decreases in Uie order mothylcyclohcxone 
> dihydromyreono > squalcne > rubber. In the case of thioglycolic 

!• Marvel, Bailey and Inakeep, J. Polymer Sci., 1946, i, 275. 

Schulz, Ber., 1941, 74, 1706. 

Farmer, Trans, Faraday Soc., 1942, 38, 340. 

Bloom&ld. J. Chem. Soe. 1944, 1x4. 

** Bulland and Geo, Trans. Faraday Soc., 1946, 4a, 24(1. 

Bateman and Jeffrey, J. Chem. Soc., 1945, 2x1 ; Bateman and Koch, 
ibid., 1943, 2i 6. “Cunneon, ibid., 1947, 134. 
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acid Holmberg ** had lourid addition to rubber. Dr. van Melsen in this 
laboratory has reproduced these experiments. Cunneen, on the other 
hand, working with extremely pure rubber, finds no reaction at all. The 
inference can bo made that impurities present in rubber catalyse the 
addition oX thioglycolic acid to rubber. 

B. Qhiorinatlon. — ^Thc eiddition of chlorine to the double bond has 
boon performed by Bloomfield (a) with very pure rubber and sulphuryl 
chloiido under peroxidic conditions (Kharasch), (b) using phouyliodonium 
chloride, another example for the directing influence of iodine compounds 
(see part I). 

The ease of reaction of silver nitrate with allylic chloride and the non- 
reactivity of silver nitrate with dichlorides has been used by Bloomfield 
to determine the above structure. Dr. Koningsberger and Dr. Ult6e, in 
collaboration with the present writer^ have made use of reactions with 
organic bases to develop an analogous syatem of kmetic analysis. Our 
results are in excellent agreement with the earlier findings of Bloomfield. 

Chlorine in solution acts as a " hot chlorination ” agent and from a 
combination of Bloomfield's and our test methods it followed that only 
secondary allylic chloride is produced. Fractionation of the rubbOT 
chloride, however, revealed that the product is very inhomogeneous. The 
rate of reaction is obviously so high that the reaction is controlled by the 
rate of diflusion on mi-iriTi g the components. It was surprising therefore, 
that a homogeneous distribution of allylic chlorine in the rubber can be 
produced from interaction with sulphuryl chloride.** As this anomalous 
course of reaction is found only in presence of the nitrogenous impurities 
of natural rubber it can be deduced that a labile “ positive-halogen ” 
compound is produced first. This new catalytic decomposition of sulphuryl 
chloride is analogous to the known catalytic decomposition of beixzoyl 
peroxide. 

Swelling and mechanical properties of rubber-ahylic chloride resemble 
Neoprene ; while chlorine in the latter is very stable, the former is found 
to be extremely reactive. Crosslinking readily occurs and becomes ac- 
celerated by hinting with metal oxides. In metathetic reactions the 
tendency to form the stabilised rabber-allyl radical is so great that it has 
been found impossible to produce a quantitative exclude of chlorine 
with other groups. 

O. Rea<^ns with Olefins. — Two types of reactions lead to a combina- 
tion of olefins with rubber. The one is related to the Diels-AIdcr reaction 
and has been termed by Alder " substitutional addition " ; the other 
is of the radical-initiated t3rpe. While the acceptor properties of the double 
bond in the olefin determine the ease of ad(htion to rubber in the first 
case, the course of the reaction in the second case is influenced by the life- 
time of intermediate radicals. Both factors are closely relat^ as will 
be now discussed. 

The addition of maleic anhydride (MA) to olefins has found practical 
application in the oil industry for a long time.*' Alder and co-workers 
have described it in great detail *' and Dr. J. A. vein Melsen studied it in 
1941 in this laboratory,*’ while Farmer i* has first proposed the succinic 
anh3rdride structure -^^H(MA) — C(CH,)=CH — CH* — as the result of a 
reaction with the a-methylenic C — H — ^bond. The exceptional reactivity 
of this group in rubber makes the formula probable sdthough in other 
cases an attack on the carbon of a terminal double bond has been found 
to occur.** The reaction with natural rubber is fast at 150“ c. while 

*« Ber., 1932, 65, 1349. 

**Neth. Fat. 59,148 to Koningsberger and Rubber Foundation. 

*“ Alder, Fasc^ and Schmitz, Bar., 1943, 76, 27. 

** French Pat. 743,302 to N. V. Bataafecbe Petroleum Mij. 

*’ Neth. Pat. 59,141 to van Melsen and Rubber Foundation. 

** Ross, Gebluirt and Geiecht, J. Amer. Chem. Soc., 1946, 68, 1373. 
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isobutene “• reacts only at 200° c. It would bo expected that other 
dionophilic olciins would also react with rubber, Neaurest to the maleic 
anhydride are the maleic N-olkyl imidos, which have been studied ex- 
tensively by Dclalaudc and are capable ol reacting at 130® c. We have 
found that esters of acetylene dicarbonic acid as well as acroloin add readily. 
Maleic acid and fumaric acid add slowly at 200-220° c., while styrene and 
other olciins, having only weak dienophilic properties, either polymerise 
or not add at all. 

The kinetics of tlie reactions arc frequently oC a high order indicating 
" autocatalysiB." The latter may indicalo w-complex furmation but 
can also have physical causes as the miscibility of rubber with the olefin 
is low and improves gradually during the formation of the derivative. 
Because of this complication a precise relative scale of acceptor properties 
cannot be drawn up similar to that of the Diels-Aldor reaction with 
isopronu. 

Another peculiarity is the tendency to form crosslinks. The adducts 
of maleic anhydride gradually split oil CO, with formation of new C— C 
bonds and a reaction analogous to the dimerisation of succinic anhydride 
to the dilactonc of acetonediacotic sudd occurs ; the mechanism of this 
" polymerisation ” is still obscure. The ready addition of azu-osters to 
elastomers lias been dc'seribed by Alder.** Flory hsiH recently studied 
this reaction in greater detsul and found tho dis-azo-csters to be also powerful 
vulcanising sigents. The latter property runs parallel with their activity 
SIS initiator in polymerisation, ^ suid in tho opinion of the present writer, 
due to the activation of oxygen. These phenomena indicate that tho 
borderline between ” polar ” siddition and radical resudious is rather 
difiuso. This bocomes particularly evident from the work of Delalande 
who finds that maleic ix^des cam be attached to rubber (either thermsd, 
or initiated by peroxides) at the same temperature. 

Farmer *• has suggested quite a different structure for the latter pro- 
ducts, viz., formation of a six-ring involving two adjacent double bonds 
of the rubber. This ingenious assumption of a chain reaction along the 
rubber chain implies the continuous presence of maleic anh3ndride (or 
ixnide) molecules on aU double bonds, i.c. 7r-complex compounds. The 
aiudogous formation of a 5-membered ring from SO, and rubber, suggested 
also by Farmer, finds support in tho corresponding diene adducts and in 
the ease of other ring-closure ** reactions mvolving SO,. In this case 
the primaiy fonnation of a 7 r-complex follows from the " coiling temper- 
ature ” discovered by van Amerongcu (see x>Art I). Other olefins such as 
siyrone and acrylic nitrile are wester acceptors, therefore tho Tj-complox 
with Iho nibbor double bond is also weaker and the ease of autopolymor- 
isation is so groat tliat tho reaction products ** are not regularly attached 
to tho double bond as can bo concluded from their interaction wiih solvents. 
Tho structures obtained should closely resemble tlioao assumed for tho 
adducts of styrene to drying oils.** 

The writer gratefully acknowledges valuable discussions with Dr. 
J. van Alphen and Dr. G. J. van Anierongou and thanks the boanl o£ 
directors. Dr. R. Houwink and I’rof. Dr. A. van Roasom for permission 
of publication. 

** Delalande, Thosis (Paris, 1947), Int. Congr. Pure Appl. Chan, (London, 
1047), Abst. No. 322(11 E. 

•* Richter, Organic Chemistry, 3rd Ed. VoL I, p. 552. 
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*• Fanner, Adv. CoUoid. Sei. (latoiscienco Publ. 194C1), Vol. II. 

** LUttringhaus and Buchholz, Ber., 1939, 7a, 2057. 

**Compagnou and Le Bras, Compt. rend., 1941, 21a, 61C. Tjo Bras and 
Compagnon, Bull. Soc. Chim. Mem., 194^1. 553, Compa^on and Delalande, 
Rev. Gin. Caout., 1943, 20, X33. 

** [Tewltt and Armitage, J. Oil Col. Chem, Ass., 1046, 29, 109. 
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GENERAL DISCUSSION 


Summary. 

The o£B.ciency of inhibitors and initiators on the homogeneous polymerisation 
of dienes and dificrences in the properties of xH>lymcrs from buta^ono, isopiene 
and 2 : 3-dimcthylbutadiene are pointed out. The dionophilic properties of a 
number of unsaturated compounds have been studied in the presence of inhibitors 
-with Lsopieno as a standard. The significance of a straight-chain structure for 
the case of dopolymerisatiun is discussed. 

The limiting temperature of elasticity in a straight-chain polybutadicno is 
raised by two factors : (il insertion of i : 2-addition groups or vinyl co-i)olymer- 
isation and (a) by the introduction of methyl groups in the diene. As nmthyl 
groups seem to favour the tendency for i : -polymerisation tirey are desirable 
from a kinetic point of view but the resulting polymers and co-polymers lose their 
elastic properties at comparatively high temperatures. 

Kinetic characteristics of substitution and addition reactions with natural 
rubber are discussed. The analogy between dienophilic properties of olefins 
and their controlled addition to natural rubber is pointed out. 


R£sum£. 

On signale Tefiicacitd des inhibiteurs et des initiatcurs dans la polymdrisation 
homogdne des dibnes, ainsi que lea diddrcuces dans les propridtds des poljm&res 
du butadiene, de Tisopr&ne et du 2-3-dimdthyl-butamkic. On a etudid les 
propridtds didnophiles d^un certain nombre de composds non saturds, on prdsence 
d ’inhibiteurs et en prenant I'isoprdne comme standard, On discuie Timportance 
d’une structure en chalne droite pour la ladUtd de la ddpolymdrisation. La 
tempdrature-limite d’dlasticitd dans un polybutadidne en chalne droite est 
dlcvde par deux facteurs : (i) introduction de groupes, qui prdsentent unc addi- 
tion en 1-2 ou copolymdrisation vinylique ct (2) introduction do groupes mdthylo 
dans le didne. On discute les caraetdristiques cindtiquos des rdactions de sub- 
stitution et d’addition avec le caoutchouc naturel. 


Zusammenf assung . 

Die WurksaTukeit von inhibitoren und Initiatoren ffir die homogene Polymer- 
isation von Dienen imd XJntorschiede in den Eigen sebaften von Polymeren aus 
Butadien, Isopren und 2, 3-Diniethylbutadien werden angeffi^. Die dieno- 

S hiliachen iKgenschaften einer Anzahl von ungesattigften Verbindungen sind in 
er GegenwE^ von Inhibitoren untersucht worden unter Verwendung von 
Isopren als Standard. Die Bedeutung einer gotadon Kettenstr u ktur ftlr die 
Leichtigkeit der Polymerisation wird mdrtert. In einem Polybutadien mit 
geraden Ketten wird die Grenstemperatur ftlr Elastizit&t durch zwei Faktoren 
erhOht : ^i) EinflUirung von i, a-Aoditionsg^ppen oder Vinylkopolymeriaation 
und (a) l^ftlhrung von Methylgruppen in das Dien. Dio kinetischen Kennzftgo 
der Substitutions- imd Additionsreaktionen von nattkrlichem Kautschuk werdon 
erdrtert. 

Rubber Foundation, 

Delft, 

Holland. 


GENERAL DISCUSSION. 

Dr. M. J. S. Dewar {Maidenhead) {partly communicated ) : The method 
of Burnett and Melville depends on the measurement of the small increase 
in rate of p6l3rmeiisation_due to reaction of transfer radicals with monomer. 
This increase will be i/P times the rate in absence of transfer, where P 
is the mean degree of pol3nnerisation. Thus the method depends on the 
measurement of a second-order effect and it is therefore less satis&ctory 
than that of Mayo which depends on measurement of the first-order 
variation in P. The method of Burnett and Melville conld only be applied 
where P is small, i.e. for solvents with a high tendency to transfer. It 
would appear that in their experiments P was very small indeed, ranging 
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from 2-5-15 in CQ* and 3-5-20 in CHCl,. Since there are good reasons 
for believing that the velocity constants for propagation, transfer and 
termination are independent of P only when P is large, Burnett and 
Melville's results are of doubtful significance. 

Moreover the mol hod is evidently an insensitive one for detecting 
transfer. In order to demonstrate that transfer is negligible it would 
be necessary to establish that the rate of polymerisation is constant to 
the order of i/Pq. whore Po is tlio degree of pol3nncri&ation in pure monomer, 
i,e. constant to o-i %. Therefore it is not legitimate to conclude 
from Burnett and Melville’s measurements that vinyl acetate docs not 
undergo chain transfer with ctliyl acetate. 

It is also extremely diflicult to believe that the transfer radicals from 
aromatic hydrocarbons would not initiate polymerisation more readily 
than the CCls radicals from CClt ; particularly since Burnett and Melville’s 
reactions were initiated by phenyl radicals from benzoyl peroxide. A 
more likely explanation of their results can be derived from the idea of 
submicroscopic phase-separation proposed elsewhere in this Discussion 
by Dr. Walhng. Aromatic hydrocarbons aro poor solvents for polyvinyl 
acetate ; therefore in dilute hydrocarbon solutions such phase sopa^tion 
may occur, the catalyst remaining mainly in the solvent while the vinyl 
acetate clusters round the polymer. This segregation of catalyst and 
monomer should reduce the reaction rate a.s soon as some ixilymcr has 
been formed. 

It should bo pointed out that the second method used by Burnett 
and Melville is essentially Mayo's. Their equation applies, however, 
only if transfer with monomer is inappreciable : this condition was prob- 
ably not fulfilled in their case for pure monomer, judging by some un- 
published work by Mr. Lewis in our laboratories. Using the notation 
of Bamford and Dewar,^ the accurate relation is 


_T 

P 


p,\ml 


I ^^3 

+1; 


^ + 



where [M]o is the molality of pure monomer. 

Prof. E, Abel {London) {communicated) : It is hardly possible to unravel 
the kinetics of pol3nnerisation without suitable simplifications. However, 


nuil./l. 

mol./l./wo. 

d(Ar 

~dt 

{M) 

<)-g 4 

2.5H 

Z'bo 

7-110 

1*95 

2*47 

S‘yH 

f 39 

-«*33 

4 ’o8 

0-93 

2-28 

9*07 

2-24 

2-24 

7’93 

1*72 

2-17 

5-08 

1*22 

2-19 

4 -or 

0'8<) 

2-22 

10-00 

2 * 5 f> 


8-20 

1*90 

2-32 

0-42 

x -33 

2*07 

4*02 

0*60 

1-64 


Solvont. 


Chlurofonn 


Carbon tetrachloride 


Ethyl acetate . 


10 * 


Avarasp. 




2*Itj 


M =■ vinyl acetate. 

may I bo permitted to give a short comment on this subject. It seems 
to me that some of the simplifications in use are not adequately covered 
by the experimental results. I am thinking, fur iostanco, of the splitting 


^ Ihis Discussion, p. 310. 
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of the rate coefficients for nhai-n propagation and chain termination into 
the product of “ two ' reactivities * representative of the two active 
polymers ” (originating from Cnthbertson, Geo and Rideal,* and from 
Herington and Robertson,® or of the not-always-adequately-plausible 
introduction of equal rate coefficients within each group concerned.® 

I wonder, therefore, whether the condusions which Burnett and 
Melville draw from their experimmits, are sufficiently substantiated. 
Discussing for example their Table 1 (see table, p. 369) we find that the 
(initial) rate of pol3mierisation of vinyl acetate in its mixture with carbon 
tetrachloride is practically proportional to the concentration (mol. /I.) 
of the nionomer in its to*^ range, up to the pure component. Within 
a considerable range of concentration, the same is true for its mixture 
with chloroform. Within this range the values are almost independent 
of the nature of the solvent. 

Are such findings adequate to grant a decisive insist into the kinetics 
of such extremely complicated chemical reactions as are polymerisations ? 

Pirof. H. W. Melville and Dr. G. M. Burnett {AherdMn) [communicated) : 
It is difficult to see how the criticisms of Dr. Dewar and Mr. Lewis can 
be upheld in view of the results shown m the following table. 



Bulk Reactka. 

RM^lon in SotatKn. 

Overall rate (mol./L/8oc.) . 

5*5 Xro-® 

5*0 X 10-® 

Initiation rate (moL^/sec ) 

1-6X10-’ 

6-0 XXO-® 

k. (l./mol./scc.) .... 

6-7 X ro* 

7-0 X IO» 

A, .... 

2*5 xro® 

2-6X10® 

t (msec.) 

51 

8r 


In the bulk-polymerisation process the light path was 35 mm. whereas 
in solution it was but 8 mm., the solution be^ 40 % monomer in n- 
hexane. If, as was suggested, the discn^>ancy in the ^mlue of hi reported 
by us,® was due to the strong absorption of the light in a narrow layer of 
tl^ tube, then the results in the cblumns would be expected to be 
different on account of (a) the difference m the effective concentration of 
the radicals and (&} the more dilute vinyl acetate used in the second case. 
That this does not occur appears to us to aff cud definite proof of the validity 
of the resTilts, It should be noted that the chain len^hs are such as to 
exclude the possibility of transfer to the solvent. 

With regard to the use of benzoquinone m the inhibitor technique we 
consider that this is valid as long as the concentrations are so low as to 
exclude the possibility of an internal filter effect. Since, in our experi- 
ments we ac^eved a direct proportionality between the amount of in- 
hibitor and the duration of induction period, thin condition appears 
to have been fulfilled. It is of some inter^ that the experiments havo 
been repeated with the same results.® 

In reply to Prof. Ab^ it is undoubtedly true that the expression 

kM,{Pt) can be invalidated by a mechanism such as he proposes. 
On the other hand, if each activated molecule gives rise to only one 
inactive polymer molecule by a disproportionation termination reaction 
then it foiled that the expression used by us is correct. That the ter- 
mination is wholly of this type is shown by earlier observations.® We 
are also well aware of the fact t^t the reaction is, for all practical purposes, 
first order with respect to monomer, but such an assumption exdudes 

• JProc. Rw. Soc., A, 1939, 170, 300. 

* Trans. Faraday Soc., 194a, 38, 490. 

*Ibid., 1946.43, 668 . 

® Burnett arid Melville, Proc. Roy. Soc., A, 1947, 189, 456. 

' Harris (private communication). 
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the possibility of the solvent taking part in the xeaction, so that the scheme 
given in the paper was adopted to include this well-lmown efCcct. 

I )r. Dewar has completely missed the point of our paper. The purpose 
of this paper was to show the wido variety of oifocts that may occur when 
vinyl acetate is polymerised in solvents. As is pointed out in the paper 
then* am es-sentially two methods lor measuring the value of the tranrfor 
cocfllcicnts. (rt) The kinetic method which is .specially apphcablo to sol- 
vonth exhibiting high transfer coolhcients and (6) the molocular-woight 
method, for solvents exhibiting low iransfor coelficients. The solvents 
w<‘,re purposely chosou in order to domonstrato experimentally that each 
can be appropriately n.sed with this reaction. The first point is that 
under the conditions aixicificd transfer with ethyl acetate is inappreci- 
able. It will be soon from the results lor benzene that tho kinetic method 
is sufficiently sensitive to detect Iransfor, which fact has been confirmed 
by molocular-woight moasuremouts. 

As regards the experiments in chloroform and carbon tetrachloride, 
the method used, is in our opinion, quite satisfactory since tho molecular 
weight of the polymer is of order of 1200. There is no evidence that 
the individual velocity coefficients vary quickly with molecular size in 
this range. Moreover, it may bo pointed out that in all those cases it 
is the ratio of tho coefficients which enters in the rate oxprcs.sion and all 
tlio evidence goes to show tlmt these raiios are independent of molecular 
size. The rosullK, therefore, are of tho significance attached to them in 
the paper. . 

With reference to the possibility of sub-microscopic phase separation, 
wo would point out that in this system wo have observed tho “ gel ” 
effect with solvents such as ti-hexane. Tho effect, however, is completely 
absent with the solvents mentioned in our paper. Furthermore, osmotic- 
pressuro oxporimonts with pol3rvinyl acetate dissolved in benzene and in 
ethyl acetate show that benzene is a good solvent for tho polymer, the 
thermodynamic behaviour not being greatly different from that in ethyl 
acetate. 

Dr. G. H. Bamford {Maidenhead) said : Our values for the velocity 
constants of chain transto (with monomer) at o'* c. aro given below for 
three monomers : 

Styrene . . . . 7*47 x to-* 1. mol.-^ sec.-^ 

Methyl methacrylate . . 6*30 x lo”* „ 

Vinyl acetate . . . 0-123 „ 

(sec paper by Bamford and Dewar, and remarks by Mr. G. D. Lewis). 
For a given radical, ono would expect those constants to bo in tho order : 

methyl methacrylate > styrene > vinyl acetate. 

The observed order therefore indicates th<i high reactivity of the vinyl 
acetate radical compared to tho others for this typo of reaclion. 

The same result follows from tiro figures quotod by Nozoki (his Table I). 
£mplo3dng tho values of the profuigation constants for styrene and vinyl 
acetate one obtains tho folkyv^g values for tho transfer coiLstants of the 
two monomers with toluono at 80® c. : 

Stsrrone . . . . 3-2 x lo-* l.inol.-i soc.-^. 

Vinyl acetate . . . 35-2 „ 

These appear to be the only data available at present for a quantitativo 
comparison of the rcactivirios of different radicals in tho chain-trausfor 
reaction. Tt would obviously bo of interest to extend the losults to othor 
radicals and solvents. 

Prof. O. G. Price {Noire Dame) said: It is of some interest that tho 
qualitative order of the stabilisiag influence of groups on a free radical, 
derived by Dr. Nozaki from tho chain-transfer reaction : 

R* H— i— X Ull I 'G - X 
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is the same as that derived from copcdymerisation data, i.e., the Q constant 
of Alfrey and Price. 

Nozaki : CeHj > CHa=CH > CN^CO,R > Cl > CHbR^OCOCHs > H 
Q : 1*0 0'77 0*62 0*55 0*14 0*04 0*13 

The only group out of order is the allyl group. This may bo due to 
the fact that our Q-value is for the chloromethyl group but, from general 
considerations, it soems more likely that it should bo placed below h^ogen 
and acetoxyl. 

Dr. G. Salomon {Delft) {communicated) : It is interesting to note that 
the linear correlation between activation energy and frequency factor 
seems to be of a quite general nature. While Gregg and Mayo find now 
evidence (Fig. 4 of their paper) in the transfer ruction of st3rrene, an 
analogous case has been discovered by Dr. van Amerongen in -this labor- 
atory for a purely physical process, the difiusibility of gases through 
elastomers. Here al^ a decrease of jF in a series of polymers is partly 
compensated by a simultaneous decrease in the frequency factor. 

Dr. F. R. Mayo {Passaic, N.J.) said : I wish to suggest, as a basis 
for discussion, why substitute benzyl radicals and bromine atoms prefer 
to remove a side-chain h3rdrogen atom from hydrocarbons such as toluene, 
while a phenyl radical becomes attached to the nucleus. In the addition 
of any atom or radical, represented here by X, to an aromatic nucleus, 
the new radical will be a resonance hybrid of forms having the free valence 
in any one of five positions in the ring : 


H 



However, when the attacking radical is a phenyl (or other aromatic) 
radical, then, providing that the central hydrogen atom may be shared 
by both rings, several ^ditional structures of the type 


H 



will also be available. The additional stability resulting from such 
structures, particularly in the activated complex, may account for the 
preference of an aromatic radical to become attached to another aromatic 
nucleus. The resulting radical would be expected ultimately to donate 
a hydrogen atom to some other molecule. 

Prof. D. H. Hey {London) {communicated) : Dr. Mayo had focussed 
attention on the apparent difierence in behaviour toward alkylbenzenes 
shown between aromatic radicals on the one hand and benzyl radicals or 
bromine atoms on the other hand. In the former case reaction has been 
reported to take place iu the nucleus, in the latter cases in the side chain. 
I consider that it would not be profitable to discuss this question further 
until more experimental evidence is available. In the nuclear sub- 
stitution reactions with toluene and diazotised amines, nitrosoacetanilide, 
and benzoyl peroxide the resulting diphenyl derivatives were usually 
obtained in 3delds of less than 50 %, and no attempt had been made to 
isolate and identify by-products. If any reaction had taken phice at 
the side chain it is not certain whether the products would be benzene 
and dibenzyl (formed by dimerisation of two benzyl radicals) or diphenyl- 
methane and hydrogen. Aryl redicals normally replace aromatically- 
bound hydrogen atoms, whereas they usually abstract and combine with 
all;Ediatically-bound hydrogen. These reactions obviously call for further 
investigation. 
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Dr. W. A. Waters [Oxford) said : Dr. Mayo has directed attention to 
the difference between free phenyl, which att^ks the aromatic nucleus in 
toluene, and all other free atoms, or radicals, e.g. Cl*, Br*, which only 
attack the side-chain. This may bo due to the higher reactivity of the 
phenyl radical, and it is important to remember that the yields in Hoy’s 
reactions, involving Ph* -|- Cjl-Ts — CHj -> Pli — CqHj — CII 3 + H* only 
ainoiiiit to 20-50 %. 

We cannot say that the ri'action 

Ph* I Cl I 3 -Cells -> PIi- TI 1 *cii/',rrs 
does not occur also. 

Now if we look at Gregg and Mayo's chain-transfer data wo see for 

It* + (VL ► lt--H 1 • C,Hs : Activation energy B =■ 14'8 kcal. 

If f C,Hig K— H -1 'CqUii E - 1 J .4 kcal. 

If -I- Cir,— C.Hj ^ R— IJ + •CH,— (',11, 7i _ lOT kcal. 

This indicates that the production of *C,Hi, requires more activation 
energy than the production of a typical free alkyl radical such as cyclo- 
hexyl. It may moan that free phenyl is correspondingly a more active 
radical than any free alkyl. 

I .should bo intcrc.stcd to loam wliat theoretical chemists could toll 
us about the structure and energy level of free aryl radicals. It is clear 
that *C,Hs is not a resonance-stabilised radical such as benzyl, liecaiuse 
we do not change tlio locality of the odd electron in any of its rcactitms. 
Thus />-Cl— CaH,* always giv<M us ^-chlorophonyl derivatives, e.g. 
^-Cl — CaH, — CallaX. The only alternative canonical structure to (D 
is (II) in which we (a) do nut have a simple conjugated S 3 rstem, and [b) 
have a carbon atom of " allene " typo, with an impossibly-strained armnge- 
ment of its four valence bonds. Hence (11) is a state of very high energy 
level indeed. Even by bringing in hyporconjugation wc cannot suggest 

II H ir II 


II- 
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(II) 


a rational altomativo to (I). Dr. Mayo’s remarks about resonance-stabil- 
isation in the transition state in tlie attack of I'^h* on bonsenc has important 
alructural consoiiucnccs. '[ho transition state of any aromatic substitution 
process involves structures of quinonoid typo in wliich the incoming 
group attacks the aromatic ring from an angle.’ This brings the hydrogen 
atom at the point of nuclear attack near to tlio olectron-systom of the 
incoming phenyl group, and hydrogen bonding may bo involved in a way 
which is not possible witli attack of, say, atomic chlorine. 

Dr. O. F. Bloomfield [Welwyn) [communicated ) : Dr. Salomon suggests 
that in substitution reactions involving bromo-succinimido, the reagent 
provides a source of bromine radicals causing substitution. Is it nut 
more likely that the suednimide portion of tlio molecule is the clfective 
chain carrier since chlorine radiesds, and possibly also bromine radic^, 
tend to give additive reaction rather than substitution ? 


Q>N* H- RII '■ 

If-f [^NBr — > 


’Waters, J. Chem. Soc., (m pn'ss). 
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Our application of the work ol Kharaach to polyisoprenos indicates 
that conditions favourable to the formation of chlorine radicals lead 
exclusively to additive reaction of chlorine, even in systems which are 
pieferontially substituted by chlorine itself. It is 2ilso known that bromine 
liberated from dimothyl sulphide dibromido Mo|SBr, gives exclusively 
additive bromination in these systoms, although the exe^ nature of this 
reaction has not yet been cstablmhed. Hence it seems rather unlikely 
that bromine radicals should load to exclusive substitution. 

It is not necessary to postulate the formation of a labile “ positive 
halogen " compound to explain the substitutive chlorination of unpurihed 
mblMr by sulphuryl chloride, since the normal mode of reaction of 
sulphuryl chloride with olefins from which aU peroxidic impurities are 
carefully excluded is mainly substitutive at 8o°, while at low temperatures 
the reagent adds to the double bond. Additive chlorination requires 
both peroxidic catal3rsts and elevated temperatures, and it is significant 
that destruction of t^ natural inhibitors in unpuiified rubber by deliberate 
oxidation, carried just far enough to overcome the usual induction period, 
enables a substantial degree of additive chlorination to be accomplished. 

A reaction of sulphur compounds which may be of interest to Dr. 
Salomon in that it exhibits both radical and polar characteristics is the 
thermal reaction between polysulphides and olefins at 140-180°. Whereas 
addition of a radical fission product (RS*) of the polysulphido R • Sx • R 

/Me 


to i-methyl-cyclohexane would be expected to give 

/Me 


and. 


SR 


ultimately, the sulphide 


\ T , whi 


which is the product actually obtained 


\SR 

from the peroxide- or light-catal3rsed addition of the correqjonding thiol, 
/\/Mo 

the product found is f J\sr indicative of hydrogen capture by the 
RS* radical followed by^oZof addition of the resulting thiol to the double 


ILA/-U1JL* - 

Mr. N. Sheppard and Dr. G. B. B. M. Sutherland {Cambndge) (com- 
municettsd ) : In Salomon's second paper be has considered^ the character- 
istics of some of the reactions of natural rubber, and his discussion raises 
several points of interest. We wish to comment briefly, as some results 
of an infra-red spectroscopic investigation throw light on the free radicals 
involved in certmn of the reactions. 

We have extended our work on the vulcanisation of rubber by sulphur,® • » 
and in addition have investigated the products formed by the thennal 
degradation and chlorination of rubber. In all three cases we find that 
there is strong evidence for the migration of some of the double bonds 
in the rubber so that their usual trisubstituted configuration, 

RR'CasCHR^', becomes a disubstituted one of the type RCH»»CHR', 
or RR'C=CH,. These migrations can be most easily explained by the 
formation, at some stage of the reaction, of free radicals, in which a hydrogM 
atom been removed from one of the tiuree carbon atoms that are in 
oc with respect to the double bond (i.e. from carbons 1, 2, or 3 

in^ unit -^r-C(CH,)=CH— CHr-). Once such free radicals are 


X ^ S 

formed, resonance f-a-n give final products with the double boud in the 
disubstituted configuration. The number and type of the disu'^iluted 
groups vary from reaction to reaction and a full description and discussion 
of the results will be given in forthcoming publications. 

Infra-ted evidence can also be used to supplement some of the other 


» Sheppard and Sutherland, Trans. Faraday Soc., 1945, 41, 261. 
• Sheppard and Sutherland, /. Chem. Soc. (in press). 
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points mado by Salomon. Thus ILirdiug, and Thompson havo in- 
vestigated the structure of synthetic polyisoprenos by this moans with 
particular emphasis on the detection o£ vinyl side cliains. We havo 
recently compared Harding’s spectrum of a sodium-polymerised sample 
of polyisopreuo with tlial of an emulsion polymensod specimen and find, 
in agreement with Salomon’s degnulation diita, that the latlor has largely 
1 : 4 ix)lymerisc*d groups whon'.us the former consists mainly of i : 2 units. 
The question of the aUseuco or not of — CXll=i-CfI, grouiw in Neoprene 
has Hlm> Ixsuu iuvestigaled by the inba-rud method, and il has boon found 
in the sample investigated that there is no strong absorption band in 
the position that would bo characteristic of such a group. We conclude, 
therefore, that tho sample oi Ncuprono that wc exiimiued had been 
formed by predominantly x : 4 addition of the diene units. Other features 
in the spo<dxum suggest, however, tliat there may lie cis~ and /raw-type 
double bonds present, and these would cause irregularities in the chains. 

Samples for these investigations havo been supplied by tho laboratories 
of tho British Rubber Producers Research Association, and tho Dunlop 
Rubber Co., Ltd. 

Dr. M. J. S. Dewar {Maidenliead) {communicated) : Tho explanation 
of ceiling tcmjicralures given by Dr. Salomon is ploashig but not mtogetlirr 
satisfactory. Thus if a reaction, A 4- B + C ->• (products) takes place 
through tho reversible formation of an intennudiate D from A and B, 

A -I- B vi D . . • (i) 

D -1- C -► (products) . . . (2 j 

it should be kinotically indistinguishable from a true third-order reaction. 
For wo shall havo 


where AGi is the freo-cneigy difierence in the equilibrium (x), and AG, 
the free energy of activation of reaction (2). Tho overall reaction will 
appear to bo of third order with a free eno^y of activation (AGi -f- AG,). 

Tho more formation of a labile iniermediato will not therefore account 
lor coiling temporaturos. These might bo explained if one component 
of tho complex is a gas (BF,. SO,), or il several reactant molecules take 
part in tiio complex, but in all cases tlie kinetics will be indistinguishable 
from those of .single^tep reactions of higher order. 

Siuruochomictil relations of olefine complexes certainly provide a strong 
argument for the fr-cumplox theory. Another similar example is tho 
isomorisatiou of camphene hydrochloride ( 1 ) to ^obomyl cblcmdo (HI), 
whore no bomyl chloride is formed. This nation, which has aroused 
some interest, is very easily explained il the iutermodiatti cation lias the 
ir-complox structure (El). 



Dr. G. Salomon {Delfi) {communicated) : I am familiar with tho fiict 
mentioned by Dewar, that a consecutive xeaciiou of this typo is kinetically 
identical wil^ a third-order reaction, but the assumption of a true three- 
body collision in the liquid state seems highly artificial, unless tho assump- 
tion is made that the hfe-time of such a collision product becomes similar 

“ Thompson, Trans. Faraday Soc., t<M5, 41, 272. 
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to that oi a loose complex compound. The formula used by Dewar 
(using the characters Gi and G,) is identical with the text of my paper 
(characters q and E). The coiling temperature is a possible, but not 
necessary phenomenon, as has alr<^uly been stated there. Other in- 
dications are obtained from changing the concentrations.^^ 

The experiments communicated by Richards and Elcy seem to link 
the hold of non-reactive complexes with the Friedel-Craft catalysts. Wo 
should like to mention in this connection, that st}n:ene dissolved in aqueous 
silver nitrate is slightly yeUow, quite comparable to the yellow colour of 
conjugated dienes in silver nitrate. 

1 have found that ^-complex formation is a general property also of 
paraffinic derivatives containing groups with i^ectrons or occurring 
in enolic form, viz. : {a) nitres, (6) nitro-compounds, (c) ketones, 

(i) aldehydes, (s) phenols. This very large increase in solubility is not 
pi^uced by other ions and is therefore a specific property of the silver 
atom. 

The remarks of Shappard and Sutherland on the structure of Neoprene 
enable me to explain ^e following obsorvations. All types of Neoprene 
react instantaneous with IQ and Br, to a certain percentage only (about 
20-30 % with the pure polychloroprene), while the remainder of the 
double-bonds reacts very slowly even with a large surplus of reagent. 
As the infra-red evidence excludes vinyl side-groups, tl^ must be due 
to a difference in reactivity between the ds- and ^ans-type. It is probable 
that the irans-iype is more reactive with bromine. If this is the case, 
it would mean also that only a minor fraction of the polymer can be 
crystallised. 

The chain mechanism for the reaction of bromo-sucemimide, proposed 
by Bloomfield seems more likely than that suggested in my paper. I 
have mentioned these experiments mainly to illustrate the reactivity of 
a positive halogen compound in (a) radical initiated and (&) polar reactioiLS. 
I think that the sulphuryl chloride reactions with olefines are more com- 
plicated than the picture given by Bloomfield ; we hope to succeed in 
performing conclusive experiments. 

Dr. F. S. Dainton and Mr. K. J. Ivin {Cemibridge) [commtmicated) : 
Dr. Salomon makes the suggestion that the " ceiling temperature " 
phenomenon in the copolymerisation of sulphur dioxide and olefines is 
due to the dissociation of a labile ir-coiaplex formed from the xeactants. 
We have been working on this problem recently and the situation may not 
be so simple as Dr. Salomon describes. We have found that a reaction 
between SO, and hydrocarbons, both saturated and unsaturated, can 
be induced in the gas phase by ultm-violet light, with the formation of 
svdphinic acids R . SOOH, by substitution of the hydrocarbon. Let us 
consider the collisions of the diectronically-excit^ sulphur dioxide 
molecule (SOi*) with olefines, which lead to reaction. Fir^y, il wo do 
not assume the existence of complexes in the liquid phase, we may write : 

R R 

SO** + -»■ • — CHj — SO,* (-►-►-► pol3uner) . (i) 


If we assume the sanae reaction to occur in the gas phase, it must be 
foUowed by rapid rearrangement of the diradical (I) : 



R 


CHr—SO, 


(!:h= 


CH— SOOH. . 


( 2 ) 


“ Nozaki and Ogg, Jr., J. Amer. C?wn, Soc., 1942, 64, 697, 704, 709. 
u This Discussion, n 378. 

” See comment on Dr. Szwarc's second paper, p. 71. 
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Secondly, if complexes are assumed to exist in the liquid phase, we 
may write for the liquid phase reaction : 

R T R 

SO,* + J (iiwcn, . SO, . Cll— CH, . so, polymer) (3) 

C) o 

(N) 

where (II) represents the w-complex ; for the gas-phase reaction wo can 
now write : 

R R 

SO,* + iH=CH, -> (!iI=CH . soon . . (4) 

where this reaction may bo strictly analogous to that occurring with a 
saturated hydrocarbon : 

R R 

SO,* 4- itlr-CH, -> . soon. . . (5) 

We are now not obliged to assume the intermediate cxistonce of the 
R 

*(!^H — CH, — SO,* diradical in reaction (4), though its formation is possible 
in view of the large amount of onei^ available from the oxciiod SO, 
molecule. 

Dr. Salomon has attributed the ceiling tompcraluro phenomenon to 
the effect of temperature on the concentration of w-complexos (H). An 
alternative explanation, which doos not assume the existence of such 
complexes, is that the effect of increasing the tompcraluro is to reduce 
the stationary concentration of diradicals (1), due to the increased ease of 
rearrangement. The strongest argument in favour of the jr-complexos 
is the i^ependonce of the ceiling temperature on the method of initiation 
and reactant ratio in the polymerisation reaction. Thore is, however, 
little independent physical evidence for the existence of ir-comploxes 
between SO, and olefines, and sucli evidence as wc have obtained suggests 
that the equilibrium concentration of w-complexes, if thoy exist, is very 
small. 

A final decision on this matter must await tho rusultu of experiments 
now in pre^oss. In tho meaulimo, it would l)o very interesting to know 
the nature of the products of tho reaction between olelinic 2>olymers and 
SO, and whothor it is spontaneous or requires a catalyst. 

Dr. O. Salomon (Delfi) {communicaied ) : Dainton and Ivin’s results 
prove that, in addition to tho reaction initiato<l by radicals studied by us, 
another typo exists initiated by light which loads to a different reaction 
product. 

Tho reaction between polymers and SO, is not sxx>ntanoous, but initi- 
ated by typical polymerisation catalysts. A toutativu formula for tho 
structuro h^ been proposed by Farmer.^^ 

Tho existence of ir-comploxos between SO, and olefins becomes evident 
from the solubility of olefins and aromatic compounds in SO^ comparable 
to the solubility of olefins in cone. AgNO, smutions and of AgClO, in 
benzene (see remarks by Dewar). 

The alternative assumption of the diradical (I), made by Dainton and 
Ivin, would need a thorough physical definition of this cQradical which 
will encounter simikur difi&.cultio8 as in the case of CH,. The final 
result of such considerations will probably bo ttot the behaviour of the 

M Adv. CoUoid Set., Vol. 1 1 . 
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labile intermediate olefin-SO, corresponds under certain experimental 
conditions with the radical (I) and under diHerent conditions with the 
fr-complox (II). 

Mr. Alan W. Richards and Dr. D. D. Eley {Bristol) {communicated) : 
The observations on the association of Ag+ with double bonds are of 
interest to us, since we have recently found that silver perchlorate is an 
active catalyst for certain polymerisations, notably of vinyl octyl ether 
and of styrene. We were attemptii^ to produce 1 + ions, by the reaction 
of AgC104 with I„ and thus to initiate polymerisation by I+, when we 
found that AgGO^ was an active catal3mt in its own right. AgC104 
probably falls into the class of Friedel-Crafts catalysts, since the reaction 
is much accelerated in solvents of high dielectric constant (cf. Dr. Pepper’s 
results with SnCD^*. Dr. D. C. Pepper has pointed out to us that 
according to G. N. Lewis’s classiheation of adds and bases, we could 
expect .^C104 to be a catalyst of t h is type. We might suppose that the 
salt associates with the double bond in some way, but wh^er Ag+ ion 
or undissociated AgC104 is concerned is not yd dear. The catalytic 
action of magnesium perforate on styrene has recently been describ^.^^ 
This substance is certeinly much less active than the i^ver salt with the 
vinyl ether monomer, with which we are mainly concerned, and so we 
should hesitate at present to classify it also as a Friedel-Cnifts catalyst. 

Pepper, Nature, 1946, 158, 789. 

T^wis, J. Fratihliu Inst., 1938, aa6, 293. 

Lilloy anti Foster, Nature, 1947, 160, 131. 


C.— DEGRADATION. 

THE 

MECHANISM OF THE THERMAL DEGRADATION 
OF POLYMETHYL METHACRYLATE. 

By N. Grassis a 27 d H. W. Mblvillb. 

Received 16th July, 1947. 

The theory of the random breaking of bonds, os put forward first by 
Kuhn ^ to explain hydrolytic degradation of high polymers, was insuiHcient 
to explain the thennal degradation of vinyl compounds mainly due to the 
large amounts of monomer which were produced even in the initial stages 
of the reaction. It was Simha * who first suggested that there was pre- 
ferred breaking at the ends of the diains whereby monomeric units were 
produced. Blatz and Tobolsky * considered polymerisation and de- 
polymerisation as a stepwise reaction and so their depolymerisation reaction 
was aitnilftr to Stmha's preferred breaking at the ends. If we regard 
polymerisation as a chain reaction, however, and depol3mierisation as 
reverse polymerisation then the degradation reaction should show totally 
difiterent characteristics from either random breaking, or preferred or 
exclusive breaking at the ends. 

The great difficulty in attempting to analyse the mechanism of de- 
polymerisation by means of such ^eories has beim the lack of experimental 
evidence based essentially on the values of the number average molecular 
weight determinations of the polymer residue. If conditions are sufficiently 

^ Kuhn, Ber., 1930, 63, 1503. ■ Simha, J. Appl. Physics, 1941, la, 569. 

• Blatz and Tobolsky, /. Physic. Chem., 1945, 49, 77. 
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ideal it should be possible, by a study of the M.w. of residue — degradation 
of monomer curve, to decide which is the operative mechanism, The«n‘tical 
curves for three ex- 
treme cases mentioned 
above are given in Fig. 

1 . By resit! ue Ls meant 
all inolccule.s present 
in tlie sysiem other 
than moiiomer. 

Obviously tlu'ii, 
number averagt* mole- 
cular weight deter- 
minations are of first 
importance in the elu- 
cidation of the funda- 
mental nature of the 
reaction. 

Experimental. 

Apparatus and 
Method. 

In our cx{)orimonis 
a new type of dynamic 
molecular still was used 
in which the pressure of 
air was kept down to a 
maximum of io~* nun. 
and the pressure of 
monomer during the 
reaction never excoodod 
ro”* mm. Those con- 
ditions ensured firstly, 
that no oxiduUvo fission 
took place, and secondly, 
that once a monomenc 
molecule was produced the chances of its iiolymorising or taking part in any 
secondary reaction were reduced to negligible proportions. In this way the pure 
thermal degradation reaction was isolated. 

The rale of degradation was found by mea.suring the pressure sot up in the 
still while tlio monomeric vapour was being pumped out by a mercury-vapour 
diffusion pump pumping at comdant speed. The pressure was measured by 
moans of a IMnuu gauge so that Iho di^prulation could bo followed continuously. 
It was also poeaiblo to collect and measure the monomer produced when only the 
degree of degradation to monomer was roquiiod to bo known and not the ab^uto 
rate. 

o-a to o'5 g. polymer, in a finely powdered form, wore degraded at a time in 
a small tomporaiuro-coutroUod copper tray which was heated electrically. 
Separate oxperimonis on addition of copiier powder showed that copper 
has no cabuyiic oifoct. Degradation was (lotoctablo at xbo** c., and 220° c. 
gave a suHablo working rate of production of monomer. 

The residue loft in the tray alter degradation was dissolved out with benzene 
and all molecular weights were determined osmotical^ in bonzono solution by 
the dynamic method of I*^oss and Miead* with moullcations duo to Masson 
and Melville.** * 

Results aad Discussion. 

Experiments on the fsdl in moleculax weight with degradation wore 
carried out on three samples of unfiractionated benzoyl ^leroxidc-catalyscd 
polymer having molecule weights of (a) 179,000, (6) 94,000, (c) 3&,ooo. 
T he results are ^own in Fig. 2. 

* Fuobs and Mead, J. Phyio, Chsm., 1943, 47, 59. 

* Masson and Mclvfilo, Nature, 1946, 157, 74. * Maason (unpublished). 



Fit;, i .— Three poshiblo ertreme degradation 
mechanisms. 

1, Random breaking is represented by the path 
ADC, the mt^oculor weight falling to a very groat 
extent before appreciable amounts of monomer are 
produced. 

2, Stepwise degradation is represented by AC, the 
fall in M.w. being proportional to the amount of 
monomer produced. 

3, Reverse polymerisation would follow tlio path 
ABC since each molecule would disintegrate com- 
pletely and the residue would have the same average 
molecular woi|^t as the original. 
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In each case there is no decrease in molecular weight in the initial stages 
of the reaction. Later on, however, there is a dehnitc fall-away, but the 
lower the molecular weight of the original polymer, the greater the degree 
of degradation before thLs takes place, and with the 36,000 polymer the 
molecular weight remains unchanged until at least 65 ®/o degradation. 
The form of the m.w. — degradation curves is quite independent of the 
temperature at which the degradation is carried out. 

'Eheso results indicate that in the initial stages of degradation of 
94,000 and 179,000 polymers and for practically the whole course of the 
degradation of 36,000 polyrmer, the reaction is such that the pol3nner chains 

are split in some way, 
probably free radicals 
being formed, and once 
this happens the whole 
molecule disintegrates 
completely to monomer 
leaving no involatile 
residue. 

If this mechanism for 
the reaction is correct, 
then it ^ould be possible 
to retard or inhibit the 
reaction to a marked ex- 
tent if a suitable agent 
could be found. All the 
usual inhibitors and re- 
tarders were useless for 
this particular reaction 
Fio. 2. — ^Effect of degradation on molecular weight, since it was essential that 

the required substance 
shoxild be soluble in the polymer and also quite involatile and stable at 
220® c. and preferably at even higher temperatures. 

It was ^own that the leuco compound of the dyestuff 1 : 4-diamino 
anthraquinone gave up its hydrogen atoms fairly readily to fonn the 
dyestuff and it seemed possible that these hydrogen atoms, or the dye- 
stuff itself, might termioate the chains before complete disintegration 
and so slow down or stop the reaction. An equimolecular proportion of 
either the dye or its lenco compound was indeed found to stop the reaction 
almost completely at 220® c. It was also found that, in complete absence 
of oxygen, the characteristic dyestuff colour was pmduced ou wanning 
a mixture of monomer and leuco dye. Considering the fact then, that 
both the lenco compoimd and the dye have almost the same power of 
inhibiting degradation, it is most probable that the leuco compound is 
converted to the dyestuff very early in the reaction by the first monomer 
produced so that ite leuco hydrogen atoms never have a chance of actually 
te rmin ating the chains even if it were possible for them to do so. 

Both the dye and its lenco compound are quite involatile at 220 ° c., 
which was the temperature at which the experiments described above 
were carried out, but the dye is volatile at 280® c. Several experiments 
were carried out at 280® c., to find out how soon the dye was produced 
and it was found that all the leuco compound added to the pol yme r was 
converted to dye and evaporaind off within a few seconds of the tem- 
perature reaching 280® c. 

If the degradation of the polymer chains was being stopped prematurely 
by the action of the dye and if the polymer was being degraded by first 
beiiig split into two radicals then it should have been possible to 
demonstrate a relatively large fall in molecular weight in the initityi stages 
of the degradation. Owing to the difficulty of the presence of dye mole- 
cules in the osmometer these experiments were done viscomotrically in 
a purely qualitative way but no decrease in viscosity could be detected. 
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Tlus seems to indicate that the ends of the chains are the vulnerable points 
at which the degradation starts, and that the dyestuff acts by blocking 
the ends of the chains. This, too, is supported by the fact that an equi- 
molccular amount o£ dye added to tlie pr>lymcr is about the critical amount 
required to stop the degradation. The polymer was prepared by benzoyl 
]X 3 roxide catalysis so that one end of the chain was already blocked by 
either a benzoyl or a phenyl group and if it was terminated by dispro- 
liortionation then only one dye molecule [)cr ])olymer tuoleculc would be 
requiied completely to stoji degradation. 

Measurements throughout the whole course of the reaction showed 
tliat the rate of production of monomer from i)ol3micr of dilferout mole- 
cular weights is the same as long as the iiolymer has been prepared by 
the same general method, 
that is, as long as it 
has the same general 
structure. 

Rate of production of 
monomer — % degrada- 
tion curves lor three 
samples of benzoyl per- 
oxide polymers and one 
sample of pure photo- 
fKilymer are shown iii 

3. 

It can be scon that 
the rates for 179,000 and 
04,000 polymer are 
exactly tho same and that 
hir 36,000 polymer very 
close to them, while tlie 
photopol3mier degrades Fro 3. — ^Effect of degradation on rale of production 
faster. Experiments of monomer. 

were also done with a (a) From o to 30 °L dogrodation at zzo” c. 
polymer having diphenyl- {b) From 20 to Oo "L degradation at 280" c. 
cyanomclhyl groups at 

both ends and in this case tho degradation was almost completely 
.stopped. 

The fact that polymers of Uio same general structure but different 
molocnlor weights degrade at the same speed is a conclusive argument 
in favour of tho theory of tho initiation of dcgractotion by breaking at 
the ends of tho cliains. The rate of initiation will bo proportinual to 
the number of vulnerablu ends or the number of molecules, and tho 
number of molcculcH in a sample is inversely jJRiportional to tho mole- 
cular weight of tho sample. However, the number of monomer units 
obtainable from a given inuleculu is proportional to its molecular weight 
so tliat tho rate of degradation will bo tlio same no matter what the 
molecular weight may be. 

Tho tale of degradation however, is dotormined by tlie nature of Lhe 
end group on tho pol}nnor molecules because tho nature of tho end groups 
affects tho rate of initiation. Photopolymer, with presumably a normal 
methyl mctiiacrylato unit at each end, dograefos ensiosL. Benzoyl 
peroxide-catalysed polymer degrades les.s easily — ^it has probably one 
phenyl or benzoyl end group and one normal methyl melliacrylatu end 
per molecule. The sample with a diphcnylcyanomethyl group at each 
end, on the other hand degrades only very slowly. 

An interesting point which arises from all this is tho fact tliat since 
each molecule has tho same chance of breaking then the molecular weight 
distribution will not change on degradation. Presunuibly then the 
I : ^-diamino anthraquinone inhibits the reaction due to Uxe fact that it 
can block the ends of tho methyl motliacrylato clxaius by combining with 
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a degrading chain, which is a iree radical, in much the same way as it 
can combine, with a hydrogen atom to form the leuco compound. 

Tlie energy of novation of the reaction in its initial stages is 
31,000 ± 2,000 cal. which is of the same order as that obtained by 
Votinov, Kobeko and Marei.' Their experiments were not done under 
molecular-still conditions but in presence of nitrogen at atmospheric 
pressure and their value was 25,000 cal. As degradation pn>ceeds, 
however, the energy of activation increases as shown in Fig. 4. 

The rate of production of monomer during degradation falls away 
much more quickly than is expected if it only Spends upon the amount 
of polymer degraded. This can be expltuncd as being due to the increase 
in the energy of activation and, if the rate is corrected for the decrease 
in the amount of polymer present and if we then calculate what it would 
have been if the energy of activation had remained at 31,000 cal. through- 
out the reaction, we find that the increase in energy of activation at least 
compensates for the decrease in rate. The res^t, however, is purely 



Fiq. 4. — ^Effect of degradation on the overall energy 
of activation of the degradation reaction. 


qualitative owing to the 
difficulty of measuring 
the increase in the energy 
of activation as ac- 
curately as would be 
necessary for exact quan- 
titative agreement. 

It h^ been men- 
tioned earlier that with 
higher molecular weight 
polymers the mechanism 
is only strictly reverse 
pol3rmeri8ation in the 
initial stages. Later in 
the reaction the mole- 
cular weight falls away. 
It is difficult to imagine 
any process going on from 
the start ^ongside re- 
verse polymerisation 
which would have no 
efiect in the earlier stages 


and which comes in to such a marked extent in the later stages, It 


appears, therefore, that some structure is produced thermally in tlie 
molecule, which stops the reaction before it can go to completion and 
this lin^ up qualitatively with the increase in the energy of activation 
observed during the course of the reaction. The lower the molocular 


weight of the polymer too, the less chance would the molecule have of 
being terminated before it disintegrated completely and therefore the 
greater the extent of degradation l^ore the molecular weight begins to 
fall away. This change in the structure of the molecule, which h^ been 
postulate to have b^ produced thermally and which slows down the 
reaction markedly, might do so in two possible wa3^. It may either 


retard the initiation step, by making some difference to the end of the 
molecule, or it may reti^ the propagation step and make it possible for 
the degradation to be terminated prematurely. The latter is the more 
probable owing to the drop in molecular weight which would not take 
place if only the initiation step were affected. This retarding process 
will have a temperature coefficient and hence produce an increase in the 
overall energy of activation. 


Our thanka are due to I.C.I., Dyestuffs Division, Grangemouth, for 
samples of i : 4-diamino anthraquinone and its leuco compoimd ; to 

T Votinov. Kobeko and Marei, J. Physic. Chem. {U.S.S.R.), r942, 16, ro6. 
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I.C.I., Plastics Division, for tho sample of 36,000 molecular weight pol3rmcr, 
and to tho Camegio Trust for a research scholarship which has m^o it 
possible for one of us (N. G.) to carry out this work. 

Summary. 

The tlionual degnulsition of polymelhyhuetluicrylato lias bt'Oii investigalod 
using a now tyiHj ol dyiuiniic niolccitl'ir still, 1'lic piirely tliormfU (U>grudaliun 
n>.a<.‘tion was isoltitod from oxidative iishion and rujK>lyuu'riSiiiiim by liecping 
tho prussuru iu the hlill as low as ]ios.sible. 

There Ls no fall in molecular weight, ni least in the inithil stages of the re- 
action, and very biuoll amonnts of 1 : .|-diaxnin() autlimquinone stop the reaction 
atoobt completely. Tliis shows tlutl the inoehauisin is reverse polymerisation 
which is a chain reaction, involving radicals. 

Tho rate of protluclion of monomer is quite independent of lire molecular 
weight of tho x>olymor sample. Also the naiiue of (ho end groups alters tho 
rate of the reaction to a marked extent. Tins imdoubledly shows tliat fission 
is initiated by breaking at the ends of tho chains. 

Tlio degnidation theories put forward up to tho present, namely, deguwlation 
by the ranilom buiaking of cliains or by “ .stejiwim* degradation ” (preferred or 
exclusive breaking at the ends) are ruled out Ixicausc there is no fall m molecular 
weight at tlie bi'giiming oi the n'ui'tion. 

There is a very marked decrease in tlio mtu of production ol monomer as 
the roaciion procc‘eds- this has been linked up ipiahtatively with the incn*nso 
in the energy of activation during the course of the reaction and with tho iall- 
away in molecular weight of the highest molecular weight samples. 

All molecular weights were determined osmotically. 


R^sumS. 

La degradation thormiquo dc mdthacrylaic dc polymdthylo a did dtudido 
on omploywt un nouvoan type do comuc dynaniiuuo moldeulaire. Do faibles 
quontilds do t-^-diomino-anthraquinonc inhibent la reaction ; on on conclui 
quo lo mdcanismo cst Tinvorsc do la t>ol3midriHation, e'est h diro uno rdoclion 
en chatne, coni])ortant dos mdicaux. La coupurc cst amorede on bout do cliahie. 
La posslbilitd d'une degradation par coupuro au hasard dans lus chatnea ou par 
recul dc la rdaclion cst dlimine, du fait qu’il n’y a aticuno chulo du jioids moldcu- 
laire au debut dc la rdaction. 

Zusammenfassung. 

Dor tliermolo Abbruclt von rolymothylmotliacrylat ist mil Xlille eiuor neuen 
Art dynamischor molckularur YakuunuIeKtillation unli^rsueht warden. Kleiuo 
Mcngen an t, 4 Diaminoonthrachinon verxOgum die Kenktion, woraus gefoigert 
wird, class die Reaktion als uingekelirte Polymurisatioii verltluft, cl.h. als K(‘t- 
tenreaktion mlt Kadikaluu. Die* Spaliung wlnl am Ifnde cUt Kollo eingeleilel. 
Ein Abbrucli clurch regellosos Drechen tier Kelti*n odor slufenweiMT Alibrucli 
sind ausgoschlossen, da am Anlnng der RoakLion keint' Abtiahme dus Molekul- 
argewicULcs staiilmdet. 

Chemistry Department, 

Marisehal College , 

Aberdeen. 



OXIDATIVE DEGRADATION OF POLYMERIC 
MATERIAL. 

Bv Arthur V, Tobolsky. 

Received 15th December , 19^7. 

The degradation ol polymeric materials subject to heat and air is, 
at first sight, a rather unpleasant, intractable subject. During degradation 
or ageing of hydrocarbon rubbers, plastics and fibres, profound physical 
changes occur as well as important chemical changes. The isolation of 
exact chemical species during degradation is in most cases impossible, 
and even the determination of functional groups that form during de- 
gradation presents formidable problems. The evaluation of the physical 
changes h^ in the past been largely confined to standard engineering 
tests such as measurement of teiisile strength and elongation at break 
after oven ageing or oxygen-bomb ageing. 

During the past few years certain new facts have been discovered and 
new ideas have been developed which make it possible to treat this 
subject from a more-or-less unified point of view. We shall first discuss 
the new experimental facts, then outline the theory which seems to unify 
these facts, and finally discuss possible applications of these now chemic^ 
ideas. 

New Qhetnical Facts. — ^From the purely chemical point of view, many 
recent ideas arising from the study of the oxidation of low molecular- 
weight hydrocarbons apply equally well to polymeric degradation. 

X. The pioneering work of Faumor^ e^blished that, m the initial 
stages of oxidative degradation, practically all the chemically-combined 
oxygen is combined in the form of hydroperoxides. 

2. Studies of the kinetics of oxygen ab«>rption* indicate that the rate 
is first order in oxygen pressure at low oxygen pressures and zero order 
in oxygon pressures at l^h pressures. Furthermore the rate of oxygen 
up-ta^ is catal3rBed by peroxides and hydroperoxides and inhibited by 
quinones. BoUand and ■ explain those facts by a p.ha-in mochanism. 

3. During the secondary stages of oxidative degradation the formation 
of Idle carbonyl group can be demonstratod. 

4. It was demonstratod that the mechanisms of polymerisation and 
oxi^tive degradation are intkaatdLy r^tod. Modvodov and 2 Mtlin> 
showed that during polymerisation of styrene in the presence of oxygen, 
the rate of formation of benzaldehyde and lormaldeh3rde was propor- 
tional to the rate of formation of polymer. It was also shown that during 
the polymerisation of vinyl compounds such as diphenyl ethylono, styrene 
and methyl methacrylate in the presence of oxygen, oxygen acts as a 
temporary inhibitor, but that snl^equently polyperoxid^ were formed 
in which the peroxide link is incorpora^ in the nhalu molecules.* 
Furthermore, it was shown that pmroxides, light and oxygen can simul- 
taneously catalyse polymerisation of monomer and degradation of polymer 
under identical conditions.* 

1 Farmer, Trans. Faraday Sac., 1940, 38, 341, 348, 35G. 

* BoUand and Gee, ibid., 1946, 42, 236. 

* Modvedev and Z^tlia, Acta PhysioiMm., 1945, ao, 3. 

*Bovey and Kolthoff, ibid,, 1947, dp, 2143. 

* Spence and Ferry, J. Amor. Chem. Soc., 1937. 59 , 1O48 ,* Mosrobian and 
Tobolsky, ibid., 1945, 67, 783 ; Taylor and Tobolsky, bid., 1945, 67, 2063. 
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5. Tho process involved in oxidative degradation must bo described 
in terms of several concurrent reactions occurring at nearly equal rales 
over wide raiigcs of temporature.** • 

Molecular Morphology Underlying Ohangos of Physical Properties 
during Oxidative Degradation. — ^'Pho cluingos in physical properties of 
polymers during oxidiitivc degradation is in largo part duo to tlio .simul- 
taneous occun'once of disaggrogalive rc'aulions, such as scission aud 
de polymerisation which tend to lower the molecular weight, and aggre- 
gative roaetions such as cross-linkage, bnuiching and further polymor- 
isaliou which lend to niise molectdar weight. Cyclisation tends to have 
somewhat similar ph3rsical t‘ilect.s as the aggregative reactions. Tf during 
ageing or degradation the disaggregativo reactions aro faster than the 
aggregative react Lons, the polymer will tend to soften. If tho reverse 
is true, tho polymer will tend to harden and become infusible and insoluble. 

Recent attempts to study these effects more precisely have employed 
the foUnwmg physical methods. 

1. The isolation of tho disaggrogalive reactions can presumably bo 
studied by following the molecular-weight changes during degradation 
in dilute solution where tho polymer molecules arc kepi sufTiciontly far 
apart so that aggregative reactions aro suppressed. The main dilficulty 
with this method is in finding a completely inert .s<ilvont. The trick of 
keeping the molecules far apart and thus favouring disaggrcgalivc re- 
actions can he put to use by employing swelling oils during reclaiming 
of synthetic rubbers which tend to liardcn during oxidative degradation 
in the unswoUon state. 

2. The not cflcct of tho aggregative and disaggrogalive reactions can 
bo studied by loUowing the mulecular-woight cliangcs during oxidative 
degradation of thin pol3rmoric films. If tlio products of degradation ro- 
mam soluble, these changes can bo followed by tlio u.sual viscosimctric- 
asmomotric methods. If the products are insoluble, the changes in 
degree of cross-linkage can bo followed by sol-gel measurements and 
swelling index of the gel. 

3. For vulcanised rubbers, tho sc^ion reactions can be measured by 
relaxation of stress at constant elongation.* The net cflect of scission 
and cross-linking can be measured by periodic measurement of the 
modulus at high temporaturas. Thu manner in which these competing 
Tcnctions combine to alter the structure and mechanical properties of 
fiynthotic rubbers at elevated tonijieraturos is oxomplihod by the intor- 
prelatiun ^ of permanent set in rubbers maintained at constant length 
at elevated Icmperaturos. 

Mechanism and Kinetics of Autoxidativo Processes. — ^Tlic studios of 
the kinetics of oxygon absoriition and the rate of fonuatlon of hydro- 
peroxides has proved to bo an extremely ]>owcrful tool in elucidating tlio 
mechanism of autuxidation. In BoUand's studios * of the autoxUlatiuu of 
ethyl linuloato, ho concludes that a chain reaction is involved whore tho 
growth and termination stops are as follows : (RIJ signirtes etliyl linoluate, 
the hydrogen in question Ixsing the a-motliylonic hydrogen) : 

Growth R* -j- O, RO,* . . . . (a) 

KO,* H- RH ROOH + . - . (3) 

Termination R* -f- R* -> R — K * . . . (4) 

RO,* -f R- -> RO,R . . . . (5) 

RO|* -(- ROj* ROjR 4” Og, . . . (6) 

The initiation step at tho very beginning of oxidation is taken to bo 
RH -h O, -> R* -I- HOg*. 

•Tobolsky Prottyman and Dillon, J. Appl. Physics., Ig, 3H0, 
^Andrews, TobuUky and Hanson, Und,, 17, 35.1. 

JN 
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As autoxidation proceeds, the important initiation step is believed to be 
the bimolecular d^mposition of the hydroperoxide 
2ROOH -► R* 4 - other products. 

The benzoyl peroxide-catal3rscd oxidation is initiated by the unimolecular 
decomposition of the peroxide to give radicals. 

These elementary reactions apparently explain satisfactorily the 
kinetics of oxygen absorption and hydroperoxido formation. The rate 
constants for hydroperoxiclo and benzoyl peroxide decomposition can 
be independently vexxhed. 

Subsidiary Reactions.^ — During the radical-chain autoxidations de- 
scribed in the last section, tho active materials R*, RO,* and ROOH are 
formed. These can take part in important subsidiary reactions. In 
olefinlc S3rstem8 Farmer postulates the following reaction : 


ROOH -f — C=>C— 
H H 


ROH + 


H H 


George and Walsh* postulate a very important mechanism for the 
decomposition of hydroperoxide by interpretation of the products formed 
during oxidation of 1 : 3-dimethyl cydopentane. 




The radicals R* and ROt* can engage in all the well-known radical 
reactions — namely, addition to one another or to double bonds, mutual 
disproportionation or self-dismutation and abstraction of an atom (e.g. 
H or Q) from saturated molecules. The relative importance of the radicals 
R* and RO|* depends on the temperature and oxygen concentration. 

Aggregative and Dlsaggregative Reactions. — ^The simultaneous ag- 
gregative and disaggrogativo reactions which are largely responsible for 
^e changes of the mechanical properties of polymer subject to degradative 
conditions of heat, air and light can be understood in terms of tho cbomical 
mechanisms described above. The following aggregative reactions are 
of obvious importance ; 

R* -H Rj* -► R— Ri 
RO,* - Ri* RO,Rx 
RO,* 4- RiO,* -► ROgRj 4- O, 


R 


JV-C- 


R* 4 " ~ — ► 

H H H H 

RO, 


JV-C— 


RO,* 4* “ -*• 

H H H H 


• George and Wal^, Trans. Faraday Soc., 194C, 4s, 94. 
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Under controlled coudiLiona theso roactions are the basis o£ radical 
polymorisatinns, radical vulcanisations, cyclisation and the ibrmation o£ 
poljrporoxides. On the otlior hand those same roactions are the cause 
of the delotorious hoal-hardoning and agoing of synthetic rubbers such 
as Buna — S and Buna — ^N. 

Various luecluinisins have been proposed for the disngregativo ro- 
actioas, each of wlucli luay lie pre|>ondomtivoly operative under certain 
conditions and vrliich nuiy coiuputo under otlu$r conditions. For example, 
at suihciontly high teiniienituros, and profeiably in the absoiice of oxygen, 
polyiuors such as x>ol3nuetliylmothacrylato, polystyrene and polyLsopreno 
will dopolymoriso with large yield of monomer. The moclianism is believed 
to bo similar to the mechanism wuloly accepted for the pyrolysis of hydro- 
carbons : 

— CHaCHXCH,CHXCHaC— ClIaCHXCIfBCHX 

X 

--CH,CHXCH,CHX' + CH,=-CX -CTIgClIXCHaCHX— 

— CH,CHXCH,CIIX- ClljCHX* H- CU^ -Cl IX. etc. 

Whether the radical which is responsible for the initial break is at tlic 
end of tho cliain or some placo along the chain can only lx> decided by 
experiment. 

If peroxy links exist along tho pol3rmoric cliains theso will bo par- 
ticularly susceptible to cleavage resulting in a lower molecular weight : 

— CH,CHXCH,CHXCH,CHXOOCHsCTIXCII,CHX 

CH,CHXCH,CHXCH,CHXO- 4* 'OCH.CH.CHXCHaCHX 

CH,CHXCH,CHXCH,* + CllXC) + CH,0 + •CH,CHXCH,CflX— 

Medvedev and Zeitlin > propose tho possibility of solf-disniutation of 
the radical ROa* 

-UHaCHXCH,CHXCH,CHXOO* 

— CH,CHXCH,CHX* + CHgO + CHCO. 

If this type of dismutation exists it could, of course, also occur in tho middle 
of a clu^. 

At lower temperatures the most important moclianism is probably 
tho decomposition of hydroperoxides as proposed by George and Walsh.® 

Applications and Speculations. — From tho point of view of maintaining 
unchanged tho physical properties of polymeric materials such as rubbers, 
rosins and fibres, tho oxidative degradations doBcril)ed in this article are, 
of courso, to bo rogardod as undosiralfio. Tho theory of inliibition of those 
reactions is at present being elucidated by Bolland ® and collaborators. 

Uocunt studies “ on the oifoct of ohomical stnicturu of polymers on 
their relative susceptibility io oxidative degradation have rovoalod tliat 
tho prosmuably inert structure of polyethylene is subject to sttrprlsingly 
rapid autoxidation. Any modification of tlio straight paralfinic chain 
by introduction of car^n-to-carbon double bonds or methyl groups 
appears to accelerate tho rate of oxidation (methyl grou^M particularly 
appear to accelerate tho rale of scission, wJioroas double bonds acc<>leratc 
both scission and cross-linking, particularly the latter). Most other side 
chaias seem to decelerate tho rate of oxidation. 

From many other j>oints of view tho oxidativo degradation of polymers 
is desirable and necessary. For example, tho plasticisation of rubbers 
by milling or by heat-sonmiing is an essential stop in tho processing of 
these materials. Further elucidation of these processes and the role 
of chemical plasticisers would bo most illuminating. Tho vulcanisation of 
saturated polyester rubbers by berusoyl peroxide is a striking example 
of another us<^ul role of those reactions. 

* ten Have and Bolland, Traits, Faraday Soe. (in prxiss). 

Mosiobian and ToboLsky, J, Polymer Set., 1947, 3 , 40^. 
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The possibilities of equilibrium between polymerisation and depolymer- 
isation and equilibrium copolymerisation under certain conditions have 
also been suggested. 

As the mechanisms described in this article become more fully elucid- 
ated it seems certain that these reactions, and particularly the degradation 
of polymeric materials, will be more fully utilised in the synthesis of im- 
portant chemicals. For example, it has been suggested that irans- 
polyisopreno may possibly be an tw vivo and in vitro source of many 
terpenos and terpenoids. Now monomers have been prepared by chlor- 
ination followed by depolymerisation of polymeric chains.^* 

R6sum6. 

On critique bridvemant los mdeanismos de radicaux qui prennent place lors 
de la degradation de polymeres. 

Zusammenf assung . 

Die fQr den Abban von hochpolymeren Substanzen 

warden kurz be^rochen. 

Department of Chemistry, Polytechnic Institute of Brooklyn. 

Princeton University, 

Princeton, 

New Jersey, U.S.A. 

Tobolsky, J, Cketu. Physics, 1944, la, 402. 

« Tobolsky, Castro, Stein and Sachcr, /. Polymer Sci„ 1947, 246. 

Bachman, et at., J. Org. Ghent., i947» *3, 108. 


OXIDATIVE DEGRADATION OF GR-S 
IN SOLUTIONS. 

By Miss J. Lacaxj and Michel Magat. 

Received i^th August, 1947. 

Some time ago, Taylor and Tobolsky ^ published a very important 
paper on the rascal chain processes in polymerisation and dopol3nnor- 
isation of vinyl and diene compounds. From the principle of microscopic 
reversibility they were led to the conclusion that " a splitting can ^t 
occur at any place along the chain, followed by an unravelliag of the chain 
by a continued splitting-olf of monomer units." This reaction can be 
induced by free radicals, which may be either extraneous to the pol5nner 
molecule or produced in the chain itself by oxygen. The fundamental 
role of oxygen is (in this thco;^) to produce and maintain a supply of free 
radicals. Oxygen acts chiefly as a catalyst, but is, at least partly, 
chemically comlnned with the peflymer by the radical recombination of 
hydrocarbon radicals with — OOH &agments." 

This conception of the role of oxygen is widely different from the ideas 
of Farmer ■ according to whom tire initial step is a peroxide formation 
followed by a decomposition of the peroxide, leading either to an internal 
cyclisation, or to a chain scission, or to a bridge formation between two 
polymer molecules. 

In view of the practical and theoretical importance of the question, 
we imdertook some experiments in order to decide between the two 
theories. In the course of our work it appeared that the problem was 

* Taylor and Tobolsky, /. Amer. Chem. Soc., 1945, &j, 2063. 

> Fanner, Trans. Faraday Soc., 1946, 42, 228. 
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much more complex than it appears in either theory. Hence this paper 
is not to lx? considered as a final Htatcincnt on the subject, but rather as 
a progress account. Nevertheless il already gives a certain basis for 
tlu'oretical conclusions on the possible luechanism of oxidative degradation 
of high polymers. 


Experimental. 

In onler to eliminate the iiiterm<)I<‘«'ulnr bridge lomidtioii and thus simplify 
tlie proldem, we. iiivestigut<‘d the theniml degnuhitinn of polymer in toluono 
sKilution. The polymer iised wius a commercial GR- S, which was carefully 
purified and fractionated in 7-H fractions. Naturally the elimination of the 
inhibitor is must imixjrtanl. I’liis is achieved by te]>cated acetone extraction 
and twofold precipitation. The degradation was followed viscoshneirically. 
Thu molecular weights wore calculated, using the empirical relation between the 
viscosity and molecular weight as delt'rmined by Scott and Mogat’ and con- 
iinnod in this laboratory on the particular lialch nsod. The peroxides were de- 
termined by tlio ferrous thiocyanate method,* using a Mc‘unier-type colorimeter * 
giving readings roprmluciblc to 1 in a 1000. If aiiplied undi‘r identical conditions 
tbiH method gives results reproducible to 2-j % All the experiments were carriwl, 
out in electric ovens in the dark. The temperature was constant to d 2” during 
the whole experimen t. 

Two sets ol experiments were pt‘rfonned. In sid A, 5-7 cc. of the solution 
were sealcxl in Ostwalfl-typo vtscasimetorH of 23-25 cc. content as deHcribe<l by 
Zhukov, Komarov and Sitiiriakova ' and Toholsky and Mesrobian.* Using thcao 
devices the licating could bo intemtpied at any time, the viscosity determined 
without the xxilyinor coming in contact with fresh oxygon and the lioating con- 
tinued aTterwurda. At the end ol the exporimonts the viscosimoiers were oi]^nod. 
the final molecular weight chucked if necessary on a standard Oslwald viscosi- 
meter, and the peroxide determined as dcscribcil. Although the viscosities 
measured in the soaled-typc viscosimotorH are not os precise as those measured in 
the usual way, this method ofIc» tlio advantage that the points corresponding to 
a given degradation are obtained under absolutely identical conditions. Howover, 
tliis typo of experiment duos not allow tho deiorminalion of tho variation of 
peroxide content in the course of tho reaction. For this reason, in the second 
sot of experiments (B), 5-b cc. of tho solutions were sealed, imder conditions os 
closely identical as possible, in test-tubas of 55 cc. content. The test-tubes were 
placed horizontally and close together in the oven. They wore opened one at a 
time after various heating periods and tho intrinsic viscosity and peroxide con- 
tent determined. Thu advantage of this set of experiments is Ihiit the heating 
proceeds without interruption ; tho disadvantage is that it is naturally impossible 
to seal the tchl-tulx*H, ]x?rUunin^ to on«j run, under nlwolutoly identical conditioiw. 

While being sealed, viscosimutuni imd tost-iulxis were put into liquid air. 
This precaution is necessary, because otlierwise Iheie is a risk of solvent va^mur 
catemug iiro and using up a part of the oxygen. When sealed under vacuum, 
the solution was allowed to l>uU for a few seconds in oitlor to oliminato the dis- 
solved air, and tlion frozen out again. It is of c2>urHo necessary, in calculating 
the amount of oxygon to correct for the tomporaluio. 

Results. 

In order to tost tho reproducibility, 5 viscosimeters sealed in air, under 
identical conditions and coutainuig tlie same solution were placed togellior in 
tho oven. Fig. x gives Uio variation of the molecular weight witli time, for those 
five viscoaimotera. Tho plain lino corresponds to type JB experiments u^e 
under identical conditions. Wo see that the agreement between tho different 
viscosimetoTs is satisfactory, but that the degraidation in tost-tubos goes some- 
what faster. Wo think that this is due to tho fact that a certain time is necessary 
lor the viscosimeters and the oven to revert to tho experimental lomporaluie, 

• Scott and Magat (in preparation). Scott, Thesis (Princeton, 1044). 

*BolIand, Sundrilangam, Sutton and Tristram, I, Ritltber Inst. Trans., cg^t, 

17, 29. 

• Jobin and Yvon, Paris. Wo thank Prof. Aubcl for permission to use hia 
apparatus. 

• Zhukov, Komarov and Sibiriakova, KoUoid Z. {UJR.S.S.), 1935, !« 9. 

’Mosrolxnn and 1 'obolsky, J. Amer. Chem. Soe,, i945, 67, 785. 
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after each interruption of the cxperunent rather than to the existence of an in- 
ductioii period. Tins interpretation is suggested by two ob&ervatioiui : the rate 
of degradation in A type experiments is not significantly influenced by the number 



Fig. I,— 'Reproducibility of degradation measurements. A : viscosimeters ; 

B : test-tubes. 

of intermj^tions ; the difference between the two sets decreases with temperature 
while the induction period increases. 

Tobbisky and IifesoTbian found that, in absence of air, monomer mdecules 
in radical form were able to induce a depolymeiisation of pol ysty rene. If th e 



Fig. a. — EfiEect of added free radicals on the rate of degradation in vacuo, 

X, O'Oi % of benzoylperoxide added ; A, i % Diproxyd added. 

conclusions of T&ylor and Tobolsky are correct, the same effect ought to be ob- 
served on additim of any type of free radicals or radical-producing substances, 
e.g. benzoyl peroxide, or even modlflers like dodecyl mercaptan or di-»sopropyl- 
xantogen disulfide (Diproxyd). We have tried to check t^ conclusion m a 
type A experiment. Five viscosimeters, containing 5-7 cc, of a 5 g./l. solutions 
of GR-S (k.w. i|oo,ooo) wore used. No. 1-4 were sealed under high vacuum 








J. LACAU AND M. MAGAT 391 

(extinction of a Crooke's tulx*). No. i contained a pure solution, No. 2 and 3 
contained in addition, x % of benzoyl pi^roxido (calculated on the weight of the 
polymer) ; No. 4 contained 1 % ol Diproxyd in addition ; No. 3 contained the solu- 
tion sealed in au: in order to xnovide a chock. TheiobultsaTeshowninFig.2. One 
can see immediately that in absence of atr neither benzoyl peroxide nor Diproxyd 
produce a ilegradation of the polymer. This wa-s confirmed also in expts. with 
quontitie.s of peroxide and Dixmixyd 5 to 10 times greater. In another run, it 
was found tliat in presence of air Lho Dipruxyd accelerated tlio decomposition, 
particularly in llu> Ix'giuning. 

It was found in n subsc‘quciit oxpoiiimmt that thu decomposition of 
benzoyl poroxidc is a reaction of nearly first order (possibly somewhat 
lower) in agreement with Coss.^ The halMifo time is about 30 hr. at 80° c. ; 
it is much shorter than the liaU-lifc time of degradation at this tem- 
perature (85 hr.}. Hence it may be pos.sible that thu decomposition of 
benzoyl peroxide proceeds too quickly to induce the depolymonsation. 


TABLE I. — ^Fxnal MoLSCunAR Wjsigiits ArrnR Dbokauaiion in Air at 
ATUOSI'URRIC Prbssurr. 


InltlAl K.W. 

q00,000 

400,000 

100,000 

Cone. g./l. 

1 -X 5 

5 

TO 

5 

1 

5 

Tompmaluio " c. 

Final Molseulax Weight 

130“ 


8,000 



7,000 

1 

2,000 

110“ 

11,000 

3,000 

xx,ooo 

5»ooo 

XX, 000 
6,000 

90“ 

— 

1 1,000 

— 

(>,000 

72" 

mtmm 

mmmm 


7,200 

■MM 


It is hence obvious from this experiment that the peroxides formed 
along tile polymer chain itself play a special role. The question now 
azdses whether they simply play the role of a particularly active catalyst 
or are chomically responsible for the scission. In our opinion two experi- 
ments can shed light on this question. Let us assume that the peroxides 
play simply the role of chain initiators for polymer scission. Then, when 
the reaction has once started, the dopolymcrisation would proceed till the 
oquilibiium molecular weight currosponding to "bFfbn — o is reached, 
n being lho number of monomers in the chain.* 

This equilibrium molecular weight depends on the temperature and is 
smaller the higher the lemporaturo. It ought to bo independent of the 
initial molecular weight and only slightly despondent, if at oU, on thu con- 
centration. We have determined for a serirs of lompcmlurts and frac- 
tions the Huai molecular weights after degradation in presonoo of air. 
'the rusidts are sununarised in Table I. One can sec, that the final mole- 
cular weights do not depend neither on the coucoutiation nor on the initial 
molecular weight ; nor do thoy depend on the tomporaturc. 

On the otiior hand if wo aasumo that the peroxides aet only as caUil3rsts, 
the final molecular weight ought to bo independent of the umounl of 

• Cass, J. Amer. Chem. Soc„ 1946, 1977. 

'That such on equilibrium molecular weight does exist is obvious from 
thermodynamical reasons, if one considurs the two lixniling coses : (a) the solution 
contains n uncombined monomers ; then the entropy (in addition to vilirational 
terms) is the entropy of the n monomers while the inti^al energy (binding energy 
of monomers) is zero. Hence AF <=• — T/\S^ ; [b] ihe monomers are cunnoctm 
to form a singlc-pohrmer moloculo. The entropy is that of a siii^ jiolyiner ol 
a chain longlh n, AS« A hut the intomol energy is (n — x) times the Imnd 
energy h, AF = (» — i) A — 7'AS^. Hence, for oai^ binding onotsy and eacli 
temperature tliore exists a chain lu^fth corrosjMmding to lliu lowest Ai*' value. 


















OXIDATIVE DEGRADATION OF GR-S 


392 

oxygen present, provided there is enough of it to combine, at least once, 
with each chain. This conclusion also is in disagreement witli the experi- 
ment as can be seen from Fig. 3, whore wo have plotted the Anal molecular 
weights for a temperature of 110“ c. as a function of the initial amount 
of oxygon. A certain independence of the amount of oxygen exists only 
for relatively high pressures (above 100 mm. Hg). 

From tlio foregoing we arrive at the conclusion that the Taylor- 
Tobolsky concept docs not apply to the GR — S degradation in the tem- 
perature region of 70-140® c. It may, however, apply at higher tem- 
peratures. Our results tend to conArm the ideas of Farmer, that the 
scission is chemically related to the decomposition of peroxides. If the 
degradation appears to be a chain reaction, it is only because the peroxide 
formation (and possibly the decomposition) is autcxxitalytic.i® 

This close relationship between the degradation and the peroxide 
formation can also be seen from Fig. 4 which shows, for a type B experi- 
ment, the connection between the molecular weight variation and the 

amount of peroxide 
formed as a function of 
time. In the experi- 
ment carried out at 80° 
c. an abnormally long 
induction period for de- 
gradation was observed. 
An equally long induc- 
tion period was found 
for the peroxide 
formation. 

This Agure demon- 
strates a further point. 
It might bo expected, 
a priori, that the amount 
of peroxides present in 
the solution would, after 
being very small in the 
beginning, increase with 
time and drop to zero 
again when all the oxy- 
Fig. 3. — ^Final molecular wsight/initial molecular gen is used up. At low 
w^ht as function of amount of oxygon present, oxygen pressures in 

test-tubes and at any 

pressure in the viscosimeter, the amount of peroxide at the end of the de- 
gradation did in fact drop to zero. But in test-tubes, sealed at atmospheric 
pressure, the peroxide amount increased as long as there was a noticeable 
decrease of the molecular weight. Eventually a point was reached where 
the molecular weight and the amount of peroxide both became constant. 

The remaining peroxides were very stable. They did not measurably 
decompose when kept in the dark for a week at room temperature. This 
rather unexpected result was conArmed in 4 independent runs. We do 
not yet know the cause of this discrepancy. 

Only a small fraction, if any, of detectable peroxides can be used for 
degradation. The following experiment was performed to demonstrate 
this point. A test-tube containing 20 cc. of solution and sealed under 
atmospheric pressure was heated to 140® c. for 1 hr. The molecular 
weight dropped from 400,000 to 30,000 and the solution was found to 
contain over 1-5 x lo”* g. of peroxide. The solution was then resealed 
under 5 mm. air pressure and heated again to 140® c. for several hours. 
On reopening no peroxide was detected, but the molecular weight dropped 
only from 30,000 to 26,000, i.e. to 86 % of its previous value. If a virgin 

BoUand and Gee, Trans. Faraday Soc., 1946, 4a, 236. 
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l^jlymcr were used a.t 5 111m. air ])res!>ure one would expect, according to 
Fig. 3 a molocular-wi‘iglit drop to 27 % of its initial value. Hence tlie 
oxygon present can more than account for the degradation observed. 

TABLE II. — Pkrcbntaok «jf Avaicabck OxY(.kn usbu for Scission. 

Air prosHUFc (mm. 1 If{) . , ^ ij 2(> 50 

% oxygen used on Hcisslon . 10- jo Two j-ro 2-7 

That a partially -degnulwl polymer is less susceptible to further df 
gradation than a virgin one, is not an isolated observation. Ifannor and 
Sundralingam have aln^ady pointed out that the iinml)er of oxygen 
atoms absorbed jkt Iwnid broktMi 
increases witli the oxygen intake. 

We have found in our experiments 
on degradation under various 
pressures, that the iiorceiitage of 
available oxygen usc'd for scission 
decreases when the presauro in- 
creases (se<‘ Table 11 ). Hence one 
arrives at tlie following conclu- 
sions ; ‘ oxygen first attacks the 
polymer molecule in those places 
that are most susceptible to 
scission, fdrming a very short-lived 
pcmxide. l^tcr on, other points 
are i>eroxidi3cd too. The decom- 
position of these peroxides is 
slower. During rearrangements, 
points susceptible to sciasion may 
be destroyed. Under certain con- 
ditions a part of these can be 
converted to a form relatively 
stable at room temperature. In 
preliminary experiments the heat 
of activation for the formation of 
this second type of peroxides as 
deduced from the initial rales 
seems to be about 20-25 heal., 
while Holland and Geo found 26 
kcal. tor the oxidation of ethyl Pia. 4, — ^Variation of the pomxido content 
linoleate. and of the molecular weight as func- 

From a formal point of view tion of thu lime at 80 and no** c. 
the situation is analogous to the 

one olwervcd in the adsorption of gases on crystals, where first the active 
points, and only later the loss active ones, arc covered by tlio adsorlKxi 
layer. 

These conclusions aix'. in agroomeut with those of Farmer (loc. cit.). 
A fairly rare and direct reaction, possibly an attack on double Ixmda, 
leads to the formation of unstable peroxides, while the bulk of the oxygen 
attacks the carbon atoms in the oc-position and loads to stabilised peruxidos. 

Lot us now considor what conclusions about the mcclianism can bo 
drawn from the kinetics of degradation and the kinetics of formation of 
the unstable peroxides.^* The former was investigated fairly thoroughly 
at atmospheric pressure, but only preliminary data are available concern- 
ing the oxygen-pressuro dependence. The following points can bo 
considered os established. 

Farmer and Sundiilongam, J. Cham. Soe.t i 043 i zsd, 

Lacau, Compt. rend,, 1947* 324, 917. 
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(i) The only fonnula found so feir that descnbes the reaction rate 
by a relatively constant value of K, is the formula for chain reactions : 


K 



Af«-Moo’ 




where is the initial molecular weight, Moo the final molecular weight, 
M| the molecular weight at the time t and the time corresponding to 
the maximum rate dM I 6 i. 

Some typical degra^tLon curves at different temperatures are repro- 
duced in F^g. 5. 



Fig. 5. — ^Variation of the viscosity as function of heating time for different 

temperatures. 

(a) The log of the maximum rate of viscosity variation (diy/di)*, 
plotted against i fT, gives a straight line for temperatures lying bc^een 

70 and X40'* c., as shown in Fig. 6. 
From the idopo, an overall activation 
energy of i8'9 kcal. can be deduced. 
This figure is lower than that given 
by BoUand and Gee for the overall 
activation energy of the catalysed 
peroxidation of squalene. We think 
that one is entitl^ to conclude that 
the activation enmgy of decom- 
position of peroxide is very low, and 
even that ^ free energy of forma- 
tion of u istable peroxides is most 
probably lower than that of more 
stable ones. 

(3) The rate of degradation ex- 
press^ as the numb^ of scissions 
per unit of time is independent of 
the length, at least between 

Fig. 6 . — Ttfft-rinmm degradation rate as M.w. 50,000 and z, 000,000. The 
function of temperature. molecular weight drops to half its 

initial value in the same time-inter- 
val, whatever the initial weight. This is an additional a^ment against 
the Taylor-Tobolsky theory. Indeed, if a single free radical could cause 
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the unravelling of the chain, the degradation ought to go faster if the same 
number of monomers are combined in a few lung chains, than if they are 
combined in a larger number of shorter cliains. On the contrary it is cou> 
sibtent with the idea that certain jiouits, particular doublo-bond con- 
figurations for instance, arc more easily attacked by oxygen than others, 
if thu number of such places is independent of tlio cliain length. Ueiico, 
it could hardly lie thu double Ixmds in Ihti vidnity oi brandies, siuco it 
.seems reasonable to assume that the projiorliou of bninches incn'ose.s with 
the molecular weight. 

{4) The rate of degradation is of zero order with resiiect to the ixilymor 
concentration, for concentrations lying l)ctwe(‘n i g./l. and 10 g./l. This 
is in agreement witli the active centre picture outlined above. 

(5) In experunents made under 760 mm. air pressure, a certain in- 
ductiun period was observed tliat never appeared in rum made at 80 mm. 
or below. This would indicate, if confirmed by further experiments, 
that oxygen may act as an inhibitor, as it is usually observed in chain 
reactions going over to a free-radical mechanism. 

(6) The maximum rate of degradation decreases somewhat with 
oxygen pressure, but the relation is definitely not linear. This is con- 
sistent with the inhibition action of oxygen through the reaction of oxygen 
witli the chain-carrying free radicals. 

Wo think that the following two points can lie considered as establishi.'d. 

(a) The formation of " unstable " peroxides is an autocatal3dic pro- 
cess ; it was established that the succession of reactions — formation of 
peroxides, their decomposition, scission — form an overall autocatal3dio 
process. If the decomposition were an autocatalytic process and the 
formation were not, the supply of peroxides would proceed at a slower 
rate than the decomposition, and tlm formation would undoubtedly bo 
the xate-detintnining step. Since we assumed that the formation was 
not autocatalytic, the overall reaction would not bo an autocatalytic 
process. 

{b) The more stable peroxides, or their decomposition products, may 
act as catalysts for the formation of unstable peroxides ; wo have found 
that the peroxides surviving the interruption of heating are not able to 
produce scission and hence belong to the family of " stable " peroxides. 
If they were not able to cata]3rse the formation of unstable peroxides, each 
interruption of heating would be followed by a now induction period for 
the degradation. This was never ol^erved. 


Summary. 


It was OHCortained that an addition of free radicals does not imiuco a degrada- 
tion of polyinurs in solution in tlie tomporaturu region of 70-1 .fo*’ u. This degra- 
dation £s connected with tho formation of very short poroocidi's, tliai uro 
not Identical in structure with tho more stable ptmoddos which can bo delcrmined 
by the feirous thiocyanate method. 

The unstable poroxidos are formed preferentially when only small amounts 
of oxygon are available. Tho formation reaction & autocatalytic. Jt con l>o 
catalysed by tho " stable " XKjroxides or their docompoHilion products. 


R^snmi. 

L'addition do zadlcaux libres no provomio pas une degradation de polym&ros 
en solution ontro 70 et 140" c. X.a d^gradanon ost lido k la formation do poroxydos 
k vies courtos, dent la structure n’ost pas Idontiquu & cello <lcs potoa^cH plus 
stables, qui peuvent dtro detonninds par la mdthodo au suKocyonato Xerreux. 
Lcs peroxydos instables sont lormds ae prdfdionco lorsquo do faibles nuanliids 
seulmncnt d’oxyghno sont disponibles. La formation est auio-caltuytiquo ; 
elle pout dire catalysde par les peroxydos *' stables *’ ou lour produits do 
ddcompositlon. 
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Zusammenfassung . 

Die Hinzofiigang von frcien Radikalen zu Polymcrlobungeti bci 70-140° c. 
leitot nicht dm Abbau dcr rol3rmcim oin. Abbau Iflt mit dcr Bildung kurzlobigur 
Poroxydo vcrbunden, dorcn Struktur nicbt mil dor Slruktur dcr stabiloron 
Peroxyde, die nut Fcrrotiiiocyanat bestirumt werdon konnen, iduntiscb ifat. 
Dio mcht-stabilen Peroxyde werdon vorzugHweiso gebildot, wonn nur gormgu 
Sauorstolfmengen vorhandon sind. Cbro Bildung ist autokatalytiscli und kann 
diuxb. " btabile ” Peroxyde und doien Zorsetzungaprodukto katalyajert worden. 

Service des Elastomires, 

Laboratoire de Chimie Physique, 

Facultd des Sciences, Paris. 


GENERAL DISCUSSION. 

Mr. R. W. Hall [Epsom) [communicaied) : The mechanism, of polymer 
degradation put forws^ by Grassie and Melville appears to be of rather 
a specific character. Experiments on the degradation of polystyrene 
at 340° c. have led to difierent conclusions as to the nature of the de- 
gra^tion process. Our experiments were carried out both in sealed 
S3rstems originally at xo~* mm. pressure and in continuously-evacuated 
systems under a pressure of io-» mm. or lower thn>ughout. The pol5uners 
used were laboratory samples made by thermally poljnnerising pure mono- 
meric styrene in vacuum and were unfractionated. 

Our main observations were : 

(a) there was an initial rapid fell in the polymer intrinsic viscosity 
after which it decreased slowly and almost linearly with respect to time ; 

(b) the rate of nmnomer production followed an experimental zero- 
order reaction over a wide range of the decomposition ; 

(c) the time elapsing prior to the commencement of the zero-order 
monomer production was related to the chain length of the original 
polymers, high molecular-weight polymers requiring a greater time than 
low molecular-weight polymers ; 

(d) the rate of monomer production appeared to be mainly independent 
of the origiual polymer chain-length, though there are in^cations of a 
minor relationship, e.g. the degradation consfemt for a polymer of intrinsic 
viscosity 5*8 was 5*8 x io“® mole/sec. while that for a polymer of intrinsic 
viscosity 64*9 was 5*2 x io“* mole/sec. ; 

(e) veiy low molecular-weight polymers, i.e. polymers of intrinsic 
viscosity fewer than about 2*0 showed an entirely different kinetic be- 
haviour. The reaction was first order up to about 30 % decomposition 
after which, as in the methyl methacrylate degradation, Ihe formation of 
monomer decreased sharply. It was also much more rapid than for 
higher polymers, e.g. a polymer of intrinsic viscosity x*2 showed an initial 
rate constant of 16*2 x io~' mole/sec. 

From these observations we conclude that the first step in the de- 
gradation of polystyrene is a rapid chain scission to shorter fragments 
which can then degrade step-wise to produce monomer. It is significant 
that the zero-order reaction commences when, as a plot of the intrinsic 
viscosity against time shows, the chain scission is substantially complete 
and comparatively stable (i.e. stable to farther scission into lower mole- 
cular-weight fragments, but not stable to end-group fission) chain fragments 
remain. If such a " sdssion-stable " chain length at 340° c. is postulated 
then the observation that the rate of monomer production is almost constant 
over a wide range of molecular wei^ts can 1^ explained by the feet that 
there would be a similar number of chain fragments present per unit 
wei^t, irrespective of the original polymer chain length. At 340” c. the 
intrinsic viscosity corresponding to this '* scission-stable ” chain length 
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is bctwccu 3*0 and 4*0. l*'rnin. this wo can immediately see that low 
pol3nn(*T8 of intrinhic viscosity below tliis range will cont^ more chain- 
ends per unit weight than those above and so degrade to monomer mtich 
faster. This can be soon frt>m the cUita in ol)8ervations (d) and (0). 

Th(‘ oxixjrimontal couditions under which our ox])orimcnta were 
conducted would apix'ar to rule out the possibility of oxidative degrada- 
tion of the polymer. It was eaiciiluted that in our t*x]M‘rimctit.s the ratio 
of oxygen to ^xilynier molecules was les.s than i : to, 000 and tliis would 
seem to preclude even a fre«‘-ra<li(ial iiu'rhauism involving oxygen lieing 
th<* major factor o|x‘r.itive. 'Hns is .snpix>rt<'d by the fact that the nite 
of monomer pniduction in the degradation of vaemnu-^iolymorisod ^xilynier 
in a vacuum of to' * mm. and under an air pressure f>l i *0 mm., of air- 
polymerised and catalysed ix)l3rmers under io“* mm., wius practically 
the. same in all cast's. 

Summarising, the contrasting features of this type of degradation 
when compared with that of polymetliyl methacrylate are : 

(i) degradation to monomer is preceded by a coiuparatively rapid 
bre^down to shorter cliains which then procct'd to split olf monomer 
from tlicir ends ; 

(ii) the degradation follows a zero-order course for a substantial part 
of the decomposition, tlio rate varying only slightly with the original 
chain length ; 

(lii) the rate of degradation is not ttu dependent upon the original 
polder end-groups os in the case of motliyl methacrylate, for chain scission 
creates new unsubstitutod chain-ends which can split olf monomer. 

Dr. H. H. O. JolUnek {London) {communicated) : It is of interest In 
compare the exjierimontal results obtained by Grassie and Melvillo with 
results on the thermal degradation of polystyrene in the bulk-phase which 
I obtained in tlie years 1942-1945 in the Department of Colloid Science, 
Cambridge. There are striking differences in the behaviour of poly8t3rrenc 
and polymothyl mcthacrylalo during degradation in high vacuum. The 
ffrat pari; of my work consisted in following the degradation of fraction- 
ated samples by viscosity and size-distribution moasuremunts. These 
experiments were carried out over a range of Icmperaiuros from 250** 
to 340" c. The results cannot bo reconciled with the random theory of 
breaking links, llie degradation stojis at a certain chain-length, whidi 
is different for different lem|X'ratures and initial chain-lengths ; the 
energy of activation is very low, tiic rate corujlants, which arc hidoixaidcnt 
of cliain-longth can bo reprcsciilod by the following Arrhenius cqn., 

A' =3 1*3 X lo* X 0 soc.“^ ; the distributions are namiwer and the 

amount of luouomcr produced is to* to lo* times liighor than expected 
from the random theory. Those results con l)0 explained quite satis- 
factorily by assuming that each ixilymor chain has a number of weak 
XXiints, wliich consist most likely of oxygon groui>H, tlie degradation sets 
in at these jHiints leading to chain Hcission theroby producing active 
chain-ends which split olf monomer units in ra]>td succos.siou iuid eventu- 
ally lose their activity. This reaction corras^ncLs to the scheme used 
in polymerisation roadiuns, namely : (i) initiation : chain scission pro- 
ducing active chain-ends ; (2) propagation : pnxluction of inoncmcr ; 
and (3) UmtinaHon : loss of activity of the chain-ends. The number of 
monomer units produced per active chain-end could actually bo ascortainod 
and is higher at lower temperatures ; i.o. the termination reaction is 
favoured at higher temperatures. Another part of the work was con- 
cerned with measuring -^e amount of monomer produced, or the loss of 
weight a polymer sample suffers during degradation. Thoso experiments 
wore carried out in a speciaUy-dosigned quartz-spring balance apparatus. 
They were conducted over a tomporaturo range from 348 io 398“ c. At 
these temperatures a different reaction takes place from Uiat described alxmi 
which may lie termed " true " doixilymorisation corroajiondiiig Lo the 
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reaction studied by Grassie and Melville ; nevertheless, striking differences 
exist between the behaviour of polymethyl methacrylate and pol5^tyreno. 
The chain scission at the weak points is completed very rapidly and then 
the true depolymorisation sets in. In contrast to polymethyl methacrylate 
the chains once activated do uot dopolymeriso completely but either 
monomer is split off the chain-ends one after another in a stepwise manner 
or a limited number of monomer is split off. This is proved by the fact 
that the monomer production is of zero order up to 60-80 % monomer 
production, that is to say, the number of chain-ends ronaoins constant 
over a very large part of the degradation. Also viscosity measurements 
confirm this conclusion. Further the rate constants for the same weight 
of fractions of different chain-length are inversely proportional to the 
chain-length i.e. proportional to the niunber of chain-ends present in the 
system, whereas the rate constants do not vary with chain-length in the 
case of polymethyl methacrylate. The pol3miethyl methacrylate should 
be a fir^- or higher-order reaction in respect to the disappearance of 
chain-ends since chain-ends disappear continuoudy ; for a first-order 
reaction one has log g^jg » Kt, where go is the numl^ of chain-ends at 

the start of the degradation and g=M — the number of 

•^0 

chain-ends at the time i. A further difference in the behaviour of these 
two substances consists in the fact that the energy of activation remains 
constant over a range of chain-lengths from 500 to 2000 in the case of 
polystyrene, the rate constants can expressed by the following Arrhenius 
equations : 


Fractum. 

hmij/e 

C -^0. 

Rato Constant. 

Ft 

4-1 

44,700 

hy = 10 ^***° X e" iw mole./sec. /basic mole. 

Fjn 

9-0 

44,700 

hra = X e a*- 

Fn 

1 

i6'0 

44,700 

hn « X e 


The reaction, which was termed above true dopolymerisation, can prob- 
ably be described satisfactorily for different polymers like polystjn^ne 
and polymethyl methacrylate by one reaction scheme as follows : 

fil IniHaHon : or activation of a long chain molecule ; 

(21 PfopagaUon : splitting off of monomer units ; 

(3) Termination : 1 ^ of tire activity at the chain-end. 

In the case of polymethyl methacrylate the termination reaction is negligible, 
whereas in the case of polystyrene the rate of propagation and termination 
are of the same order. This view is consistent with tiie activation energies 
observed, the energy for pol3rstyrene being considerably higher than for 
polymethyl methacrylate. 

In the case of polymers which behave like polystyrene during de- 
gradation tiie measurement of the rate constants gives a means for deter- 
mining number-average m.w. of polymers, since the rate constant is 
propomonal to the number of chain-ends present in a definite amoimt of 
polymer and the number of chain-ends in turn is inversely proportional 
to the chain-length. 

Polyethylene which was also investigated in the quartz-balance ap- 
paratus over a range of temperatures irom 375 to 436** showed also a 
zero-order reaction but the eneigy of activation varied with the m.w.. 
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increasing with increasing m.w., the rale constants can be roprosented 
by the following Arrhenius equations : 


Gimlff. 

Av. M.w. 

— 


23 ,CKK 1 

k 

20 

l0,UOO 

h 

200 

11,000 

hio 


KuU‘ C()nstntit. 

Oa.KHI 

itr f^,/i{)o g./wH) 
' ltv~ 

40, (XH) 


Also poly-a-methylatyrono was investigated in tho same apparatus 
(m.w. 70,000) over a range of loniperatures fmm 280 to 363" c. 'Fbo 
curves for monomer production show cliaracteristic differences from those 
of jDolsrstyrone. They show a zero-order reaction up to 30 % monomer 
production, the reaction then slows down and is accelerated in its later 
stages. The rate constants for iho initial ptirt r)f tJie n'action can b<* 
roprosented by the following Arrhenius criuation 

4S,100 

A «* 1-58 X 10” g./ioo g./soc. 

Cross-liokod polystyrene (m-divlnylbonzone) shows very long induction 
periods before degrading but eventually monomer is p^ucoa following 
a zoxo-ordoT reaction. Iho length of the induction poriods is a function 
of tho amount of the cross-liiddng agent. Cro.s8-linked polyatjrrone which 
was polymerisod in the presence of benzoyl peroxide showed a considerably 
shortened induction poiiod. 

In conclusion it may bo xomarked that in the paper by Votinov, 
Kobeko and Iiforei referred to by Melvillo and Grassie tho oxporimontal 
results wore evaluated according to tho random theory of bresudng links 
whi<A, of course, is quite inaflmisaible. 

Dr. F. O. Frank (Bristol) (cofwnunicated} : (i) In ibormodynamic 
equilibrium at a given tomperaturo, every polymer should have a definite 
vapour pressure of monomer (ifiUr alia). For sufficiently high polymers 
this pressure shoxdd be independeut of chain length and of the nature of 
the terminal groups. Any catalyst which influiuiccs tiro rate of attain- 
ment <k equdibriuin from the one side should inflnoirco it e([ually from 
the other. A free-radical terminal group on the indymur chniu is such a 
catalyst. It is a catalyst for Uio equilibrium between ]»>lymur and 
monomer, and not a catalyst fur tlio equilibria botwoon ]>alynior and 
lower polymers. Hence the oifcct observed by Grassie and Melville is 
inevitable and ought to have boon forosoon by tlio earlier workers (though, 
of those, apparently only Taylor and Tobolsky would luivt* foreseen it). 
Degradation must occur in the manner ubeervod as soon os la) the prossiiro 
is pumped below the equilibrium vapoiir pressure, and {0) some of the 
polymer inoloculos acquire free-radical terminal groups of tlie some ty^ic 
as occur in tho polymerisation process. 

(2) The above statement about the effect of a catalyst is strictly true, 
but substances which induce polymerisation ore often not strictly caialysts, 
being consumed in the reaction. Free radicals provide ideal catalysts if 
tho growth of polym^ molecules always ceases by chain transfer and not 
by termination reactions. (The ideal catalyst present in this cose is not a 
substance, but the radicalism oi the end of a pMl3nncr moloculo.) If 
transfer of radicalism occurs, added free radicals can pitimolo degnuhiUon 
by producing froe*radical end-groups on previously “ dead ” ixilymor 

1 Taylor and Tobolsky, J. Attter. Clmi. Hoc,, 1945, *003. 
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molecules. If there is no transfer, radicals which " catalyse ” polymer- 
isation can fail to catal3r3e degradation. 

(3) The vapour pressure o£ methyl methacrylate in equilibrium with 

the polymer is shown by Grassie and Melville's experiments to exceed 
io“* mm. Hg at iGo® c. Theoretically wo may anUcipate the order of 
magnitude lo* . mm. Hg, where Q is the heat of polymerisation 

from gas phase. (Say, for methyl methacrylate, log ^mm.ng 8 — 4000 /T). 
The estimate could be much refined by deeper theort'tic^ consideration. 
A precise measurement of this vapour pressure curve should bo possible 
by a development of Grassie and Mel^^o’s technique, and would be a 
v^uable contribution to the thcrmod3mamics of polymerisation. 

(4) Similar considerations apply to an equilibrium concentration of 
monomer with polymer in solution. 

(5) Terminal bonds may be either easier or less easy to break than 
bonds in the middle of the chain. Only in the former case should thermal 
initiation occur at the ends, and the rate of degradation be sensitive to 
the nature of the terminal groups. In the latter case (and even in the 
former, for polymers of very mgh molecular weight), initiation should 
occur by scission anywhere in the chain. The rate of generation of monomer 
would then be proportional to molecular weight. 

(6) When side groups are regularly dispe^ed, the chain should degrade 
with different velocities in difiorent directions. Polymers with only one 
natural direction of growth, say, R( — CHX — CH,) — , will only degrade 
in one (the reverse) direction from a scission. This will be either direction 
according as the breakage chances to occur right or left of CHX. 
Likewise when the polymer has various possible modes of growth (radical- 
or ionic-growth mechanisms), it will be able to degrade in the same ways, 
with propagation velocities in the same ratio as the growth propagation 
velocities. 

(7) Polymerisation is due to an excess of the rate of growth over the 

rate of degradation, and precise kinetic equations must take account of 
this. (Blatz and Tobolsky * do so for the particular case that no initiation 
step is required.) The true propagation constant for growth will exceed 
the apparent propagation cons^mt by the factor Ar/(Af — Mo^) where 
M expresses the actual monomer concentration and Mon equilibrium 
value. This becomes a serious correction at high temperatures, low 
concentrations, and when the free mimrgy of polymerisation (in the given 
medium) is low. Mon ^ ratio of the propagation rate constants 

for degradation and growth. Taylor and Tobolsky ^ have already re- 
marked that the dificrence in activation energy for these two processes 
is the heat of pol3miorisation. 

Dr. M. J. S. Dewar {Maidenfiead) {parUy communiceUed) : It seems 
possible to draw further conclusions horn the published experiments. 
Since the photopolymer degraded readily, the labile terminal group must 
be one present in photopolymer ; and this can only be the unsatniatod 
group (I) formed by disproportionation of radicals. Disproportionation 
will lesd to imsaturation in half the terminated ends of polymers, the 
other half being saturated. But since photopolymer is formed by the 
growth of dou^ radicals, each polymer molecule should contain, on 
average, twice as many unsaturated ends as catalytic pol3nnor (formed 
by gro'9^ of single radical centres). Therefore the photopol3micr should 
d^;i^e twice £is rapidly as the catalytic polymer, in agreement with 
Giassie and Melville's results : 

• COOMe 

MeOeX: . CMe»dCH-Uaie- 


(I) 

* Blatz and Tobolsky, J. Physic. Cham., 1945, 49, 77. 
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X^rosumably fission at Lko dotted lino in (i) occurs, ^ving two moso- 
meric radicals. In the catalytic polymer, similar ii^on ^ould occur 
in chains terminated by phenyl, but presciit evidence suggests that the 
jnajoiily of chains will Ixj initiated by PhCOO* radicals ; the termination 
PhCOO . Clla . cannot split into two luosomcric 

radicals. 

In the lati'r plia.soii ol the jiolyiuoi'ibatirm the majority oS the remaining 
polymer inolce.ulos will not have senhilive oncLs ; cxnitral fission of tlio 
polymer uliains should then iHicoinu un])oilanl. 'Phis reaction, giving 
one mi^inieric and one luin-musomeric mdioal, will l)u slower and have a 
higher activation energy ; hence the “ ahnormsil " decroaso in rate of 
degradation. From Grassic and Melville’s results {Kig. ^i) we may deduce 
that the activation energy for this ceniml chain- fiasion is nlxmt ^2 kcal. 
Taking Evans and T3rKdl'8 * figure of ca. 8 kcal. for the storic strain energy 
in polymethyl mctliacrylato, wo may deduce that the resonance energy 

of the radical CH* . CMe . CUOMo is 30 kcal,,* and of the radical 

• CH-CMe . COOMe 10 k<^. 

Moreover when chain fission occum, the radicals formed will gimerally 
react with each other by a kind of primary recombination ; but in this 
case they should disproiwrtionato rather tliaii recomhiiie. Hence tlio 
net elfect oi chain fussion will usually bo to split the polymer inolce.ulu 
into two " normal ” molecules (not radicals). The fall in inoU'CiiUir 
weight olisorvod by Grassie and Meivillu in the later stages oC iliu dc- 
gi-adation wotdd then follow. Tim fission produces a polymer frtiginont 
with an uTUjaturated end (I) which will degrade relatively rapidly. 

It may bo added that polymothyl methacrylate is prulxufiy unusual 
in its case of degradation, bom because it is steiically strained fvud be- 
cause it cannot easily undergo chain transfer. In most thcnnal degrada- 
tions, chain transfer oi the intermodiaie radicals with the polyinor leads 
to extensive condensation and dehydrogenation. 

Dr. O. H. Bamford {Maidenfie^) {cofMnunicatecl) : 'Phure is .some evi- 
dence which suggests t^t the size of a free radic^ is one factor whicli 
dotormiiios whether combination or disproportiouation will take place 
on reaction. The larger radicals appear to favour dispruportiunaliun. 
Thus when ketones in liquid parailln solution at tomporaturos of (k)“ or 
liiglier ore irradiated by light of wavulengtli 2500-3000 a., the large liydro- 
carlxm radicals produced disjjrojMjrUonate qujintitativoly.* On the other 
hand witli /«o-uc(ano as solvent niosl of the nnlicals coiubiue. Tins 
argumout, while admittedly net quite cunulusivu, because Hie structures 
of Iho hydrocarbon rodlcoLs are not known wilh curlaiuly, suggasls that 
Prof. J ’rice's analogy* may bo misleading. (Gjj. NorrisU’s remarks in tlio 
General Discussion on flydrocorbon Chemistry.^) 

II duqjrojjortionation occurs in tlio methyl methacrylato iKfiymerisji.- 
tion, the rate of increase of viscosity at high light intenhities bocomus 
proportional to iO-«)/s (see oqn. (4), Bamlord and Dewar •*), Jfxjiori- 
inentally this relation is followed with (i — a)/2 - o-io, or a- - o-Ho, 
Tliis agrees satisfactorily with the results of Daxeudalo, Bymiler 
and Evans for fractionated xxjlyniothyl mutlmcryiate, for which they 
find a asj 076 (in bonzouo] and a “ 0-82 (in cliloroform). If, however, 
the termination reaction is combination, the rate sliould be proiwr- 

tlonal to Our results are therefore not compatible with the latter 
reaction. 

* L Polymer Sci., a, 387. 

* This anees well with the high value found by Dr. Szwtirc (this Discussion 
p. 39) for the resonance energy of benzyl, since cupolynierisalion iuici>oiiiU(>nlH 
suggo^ that both radioals oro of comparable stability. 

“ tianifotd and Noiii^, J, Chotn. Soc., 1938, 153 1. 

* This Disenssion, j>, 402, 

» Trans. Faraday Soc., 1939, 35, 897. » UTiis Discushion, j). 310. 
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Prof. O. C. Price {Notre Dame) said : It seems quite dcfmitc that 
Grassie and Melville have demonstrated the presence of a thomiolabilo 
grouping; in polymethyl metliacrylate, which they have presumed to bo 
at ihe end of a cliain. There is, however, another alternative to bo 
considonMl, do;txuiding on the natiuro of tlus biinolocular termination of 
growing cliains. As pointed out by Prof. Nonish, his work satisfactorily 
demonstrates that two reactive paiuihnic free radicals react almost cx- 
clusivoly by disproportionation. 

► CnH|«-g + 


The free-radical succinic acid synthesis developed by Prof. Kharasch 
equally satisfactorily demonstrates that two free radicals with the odd 
electron, a to the carbethoxyl group, react almost exclusively by coupling. 

, (CH.), C COOR 

2 (CH,),CC 00 R »- I 

(CH,), C COOR 

It so happens that the active radicals in polymerising polymethyl 
methacrylate would be very similar in structure to latter type so that 
reaction of two active cJiains would seem likely to occur by coupling. 
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For those polymer molecules deactivated in this way rather tba-n by 
chain transfer or reaction with a catalyst fragment, there would thus 1^ one 
link which, on thermal sdasion at h^h temperature, would produce two 
relatively stable radicals and would thus be energetically favourable. 
These two radicals could then, at high temperature, undergo reversal 
of the propagation step to liberate monomer. 

Dr. G. Salomon {Deifi) said : The assumption of eqTiilibria in degrada- 
tion reactions, involving dienes at hi^ temperatures needs certain 
restrictions. Dienes, once formed at 150-200'’ c., will dimozise very last 
at these temperatures and as this reaction is purely -Qiermal in naturo and 
not catalysed by peroxides, the intermediate formation of a diono would 
exdnde the establishment ^ any equilibrium with the polymer. 

Dr. H. H. O. Jellinek {London) {communicated ) ; Lacau and Magat 
point out in their paper that a partmlly degraded polymer is loss sus- 
ceptible to degradation than a virgin one. I can coufim this observation. 
Experiments carried out on polystyrene in bulk-phase in proseuce of air 
over a temperature range from 180° to 220° lead to the conclusion that 
inhibitors are formed during degradation. This view is supported by 
experiments using a number of antioxidants and by experiments duscribed 
in the paper by Votinov, Kobeko and Marei where the monomer produced 
during d^pcadation was found not to effect polymerisation due to the 
presence of degradation products which acted as inhibitors. My ex- 
perimental results can be quite satisffuitorily accounted for by the following 
reaction scheme : 

Rapid 

PblyBt3^rene •+• O, ' * POlvstvreno hydroperoxide 


Chain stdasion Inlubitois 

I 

Decay of inhibitors. 
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Tho energy of activatioa for tlio inilial part oC Iho degradation was 
found to bo 25*2 kcal. 

Dr. M. Ma'jgut {Paris) said ; We would like to add that since our paper 
was hunt in, wt* Imvo carried out a few i)rcliminary t‘\pcrimenls on the 
degradation of ])olyiaers in tho absence of oxygen at teiu]HTa(ur(*s alH>ve 
200" c. In agreement with (Irassie aiul M(*lviUe, w‘ ('ould observe in 
vacuo n degnubition of Gli-S in toluene soliilifui at 210" and v. 
Although our restilts an* as yet ({ualilalive, w<‘ can eonelude that Ixitli 
{H>slulai('d nu'clianisins, the t hernial cU^gradatiiai of Tnyhir ami 'rolKilaky and 
the oxidativo breakdown of IfarmiT, ccK'xist in tho c;is<i of butadieno-styrene 
co-pol5nncr, but that the latter is laTg<‘ly protlomimiliiig at 711-140® c. 

Mr. N. Grassie and Prof. II. W. Melville {Aherdeev) {communUated) : 
Mr. Ihill suggests that the nuHihanisin ol the degradation of |H»lyatyreno 
is such that there is a nipid hnsikdowu to shorter chains wliicli thou de- 
grade to monomer by .splitting at tho ends. ICxperiinents have Ixion 
carried out upon polymethyl niethacrylale into who.sc‘ chains small amounts 
of impurity have be<‘n ineoqiorated in Iho form of nioiioinerie acrylonitrile. 
It was then found that a rapid breakdown of large* chains did indet'd 
take place in the initial stages. In om*. particular cas<‘, a sanipk* of such 
a co])olymer was propareil which had a molecular weight ol tioo.ooo and 
which (.oiitained one acrylonitrile unit to each 400 mothyl-mcthacrylate 
units. Tho rapid initial fall in molecular weight tended to about 40,01)0 
which one would expect if tho broaks wore (wcurring at tho acrylonitrile 
units. ('.onHidc<ring thou tho ease of copolymorisatiou of oxygon with 
styrene, it may be that tlie rapid fall in molecular weight which Mr, I fall 
his ob.sorved is due to .scisbion at oxygen links. Throughout onr work 
hero it has become very ovldont tlmt small changes in stmeturo liavo 
often a marked olfect upon degradation characteristics and it is very 
important to define exactly the methods which have l)oen used in tho 
preparation of monomer and preparation of polymer. 

Dr. Frank suggests, on IhermodynamicoJ grounds, tliat degradation 
is not likely to take place unless there was trairsfer in tho polymerisation 
reaction. It seems fairly definitely established, however, tliat little or 
no transfer could have taken xdaco unchir Uio conditions of preparation 
of any of our polymer samples. The other nrgumonts of Dr. b'nink had 
liecn considered but have boon omitte<l from the jiapor for lack of space. 

J')r. Dewar claims that in the initial stages of tho roactioii tho meclian- 
ism is indei'd K'vorsc iK)lynicrisation through (louble-l>i)ud etuis fomu'd 
by disiiroportioimtion and later, when all double-lK)ud ends have lioeu 
eliminated, it iKiOAmies easier for scission to take place in llio Ixsly of 
tho molecule. 1 Ionc<i ho explains tho later fall in molocular weight . This 
does not oxifiaiu, liowi'vor, tho very imporUmt fad tliat uo fall in molo- 
cular weight takes place witli low niol(*cular-weight ])()lyiu(‘rs luid that 
the higlior the polymer tho stsinor does its molocular weight fall away. 
Kxitorlmonts have boon carried out ou polymer with a molecular weight 
of 740,000 and it lias iK'on found that the degrtulatioii c.tirvo is very 
accurately a diagonal in J''ig. 1 (p. J71}), and lu) port of tlio curve is striotly 
of the typical rovorae-polymerisjitiou typo. 'Iliis makes tho solution 
more clear, because it is obvions that lx*sidoa step degradation, the 
diagonal can also r^rosont revorso polymorisatiou pro-vndod every molecule 
in which degradation is initiated, is torminatod, at some point bofoto it 
degrad.os completely. 

It is obvious, then, that the wliole case of tlio roactiou of all samples 
is still reverse polymerisation but there is always tho possibility of termin- 
ation before complete disintegration. As tho molocnlnr weight goes uj) 
tho clianoes of termination will increa^ and so the fall-away in molecular 
weight will occur sooner in tlio reaction. It is important to note, Unwovor, 
that the curve now falls bolow tho diagonal — ^tliis wcnild bo necessary il 
tho molecules split in two as Dr, Dewar suggests. 
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When molecules disproportionate a double-bond is left on ono, and a 
single bond on the other, participating molecule. We agree with Dr. 
Dewar that the double-bond ends probably break first but it is certain 
llmt the single-bond ends also degree, although with a higher energy of 
activation. It is the decrease in the number of easily broken double- 
Ismd ends and the greater stability of the single-bond ends which causes 
the marked decrease in rate and increase in the energy of adivation of 
the reaction. It is also important to note that the energy of activation 
increases even when the molecular weight does not fall away, indicating 
again that the increase in energy of activation has nothing at all to do 
with the fall-away in molecular weight. 

In reply to !^of. Pnee, we may point out the marked effect which 
end-groups have in the reaction and also the fact that this termination 
mechanism could not apply to photopolymer which would thus have an 
infinite molecular weight — ^ihis is not the case. Also in our dyostnfl 
experiments, inhibition would form two molecules out of one and so tho 
molocular weight would fall markedly in tho initial stages — ^ihis was found 
definitely not to be tho case. 

Prof. M. G. Evans and Mr. J. H. Bazendale {Lesds) (communicaied ) : 
A typo of polymer dogradaUon which has not been discussed in this 
section is fMt brought about by mechanical action on the polymer 
solutions. It has been shown that in solutions of poly-isohutone, the 
molecular weight of the polymer can be reduced by mechanical agitation 
of tho solution .• Many workers have shown that in solutions of polymers 
subjected to ultrasonic radiation an irreversible decrease in the mole- 
cular weight of the polymer results. At first sight it seems difficult to 
relate this mechanic^ breakdown to the rupture of a G— C bond. It 
seems clear, however, from work done at Leeds by Mr. Watson and Mr. 
Hargrave that the breakdown is not associated with an oxidation since 
mechanical degradation can be obtained in solutions from which oxygon 
has been rigorously excluded and in solutions containing anti-oxidants. 
The rate of molecular-weight decrease increases with increasing rate of 
shear of the solution. From experiments on molecular-weight distribution 
before and after mechanical bre^down, and the influence of chain-stopping 
agents such as iodine, the work of Mr. Hargrave would suggest that.the 
mechanism of breakdown does not involve the primary rupture of tho 
polymer chain leading to free radicals which by iheix ro-combination could 
lead to a lower molecular-weight distribution, nor does an oxidative 
attack of tho C— C bond to produce peroxide groups, appear to bo tho 
mechanism. Another puzzling feature of this system is the comparatively 
small effect which incroaso in temperature has upon the rato of degradation. 

Wo present these observations hero bucause this is tho type of de- 
gradation for which at the momont there appears to be no adequate 
explanation. 

* Thomas et al., Ind. Eng, Chm., 1940, 3a, 299. 

Fteundlich and Gillings, Tftm. Faraday Soe„ 1938, 34, 649 ; Mark, J. 
Aamt. Soo. Amer,^ 1945, 16, 183. 

Watson, TAaks (Leeds), 1945; Haigiave, Tiusis (Leeds), 1947. 
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